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Jlhstract 
Dental caries is a biofilm dependent oral infectious disease caused by 
Streptococcus mutants with high socioeconomic impact and forms one of the most 
complicated biofilm systems in nature. The first study examined the effects of 
Syzygium aromaticum extracts on the virulence properties of Streptococcus mutans. 
The activity of glucosyltransferases, in the presence of crude and diethylether fraction 
(DEE), reduced to 80% at 78.12ng/ml and 39.06ng/ml, respectively. The glycolytic 
pH drop by S. mutans cells were also disrupted by these extracts without affecting 
the bacterial viability. Microscopic analysis revealed morphological changes of the 
5'. mutans biofilm indicating that these plant extracts at sub-MICs could significantly 
affect the ability of S. mutans to form biofilm with distorted extracellular matrix. 
Furthermore, with the help of quantitative RT-PCR, the expression of different genes 
involved in adherence, quorum sensing, in the presence of these extracts were down 
regulated. The crude and active fractions were found effective in preventing caries 
development in rats. The data showed that 5". aromaticum holds promise as a novel, 
naturally occurring source of compounds that may prevent biofilm-related oral 
infections. 
The objective of next study was to evaluate the effect of eugenol on 
Streptococcus mutans, a major etiological agent of dental caries and infective 
endocarditis in heart tissues. The ability to form biofilms on tooth surfaces is the 
major virulence factor of this bacterium. Eugenol was evaluated for its inhibitory 
activity against virulence properties such as adherence and biofilm formation. Growth 
curve as well as morphological changes in the cells of S. mutans surface and biofilm 
were observed and analyzed using confocal laser scanning microscopy and 
transmission electron microscopy. The effect of eugenol on expression of genes 
involved in biofilm formation and quorum sensing was also checked by quantitative 
real-time polymerase chain reaction (qRT-PCR). The present data revealed that 
eugenol at the sub-MIC concentration, inhibits the ability of biofilm formation by 
S. mutans but does not affect the bacterial growth. Moreover, it also affects the 
expression of genes, three of them {gbpB, relA and ftj) were found to be suppressed 
maximally. These results led us to conclude that eugenol is an effective anti-biofilm 
and anti-quorum sensing agent against S. mutans and can be used as potential 
therapeutic agents against oral disease. 
JtSstract 
Dental caries is a prevalent infectious disease caused by the indigenous oral 
microflora. The primary agents of the disease are members of mutans Streptococci, 
mainly Streptococcus mutans. The variations amongst S. mutans and its virulent 
properties are of keen interest. Therefore, the purpose of last study was to analyze 
the role of a number of regulatory and signal transduction-associated genes 
responsible for biofilm formation in biofilm-defective mutants and clinical strains of 
Streptococcus mutans. These strains with altered biofilm forming abilities were 
isolated to assess their cariogenic potentials and were compared with the reference 
strain. The gene expression profiles of these strains were also carried out. We report 
here the variation in the properties of these strains, which include some that produced 
increased biofilm while others with reduced biofilm. The investigations described 
herein confirm that multiple genes are associated with biofilm formation. 
CHARACTERIZATION OF ANTI-BIOFILM AND 
ANTI-ADHERENT COMPOUNDS AGAINST 
STREPTOCOCCUS MUTANS FROM 
MEDICINAL PLANTS 
.^THESIS^*^, V V 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
( 
DOCTOR OF PHILOSOPHY 
^ 4 / BIOTECHNOLOGY ^ 1 I 
i r^ >r • ? 
/ / ' 
MOHD ADIL 
N 
UNDER THE SUPERVISION OF 
Dr. ASAD ULLAH KHAN 
INTERDISCIPLINARY BIOTECHNOLOGY UNIT 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202002 (INDIA) 
2013 
3 0 OCT 2014 
T8776 
INTERDISCIPLINARY BIOTECHNOLOGY UNIT 
ALIGARH MUSLIM UNIVERSITY, ALIGARH-202 002 (INDIA) 
Ph. : 0091-571 2720388 
Fax: 0091-5712721776 
E-mail: btisamu@gmail.com 
Certificate 
THIS is to certify that the thesis emitted "Cfutmcterization of 
anti-6iofiCm and anti-adherent compounds against Streptococcus mutans 
from medicinafplants" herewith suSmitted 6y MohdAdiC in fuCfiCment 
of the requirements for the degree of (Doctor of (Pfiitbsopfiy in 
(Biotecfinolbgy of the A(igarh MusCim University, is an authentic record 
of the research wor^ carried out 6y him under my supervision and 
guidance and that no part, thereof, has Seen presented before for any 
other degree. 
(Dr.AsadVKfuin 
(Supervisor) 
DECLARATION 
/, hereby, dectare that the thesis entitkd "Cfutracterization of anti-SiofUm 
amCanU-cuffierent compounds against Streptococcus mutansfrom medkinaCptdnts" 
embodies the work^carriedout by me. 
(MohdAdxC) 
Contents 
LIST OF CONTENTS 
Page No. 
Acknowledgement i-ii 
List of Original Contributions iv 
Abbreviations iv-\ 
List of figures vi-i> 
List of tables > 
Abstract xi-xii 
Chapter I Review of Literature 1-33 
1.1 Dental Caries I 
1.2 The dental caries epidemics I 
1.2.1 Aetiology 2 
7.2.2 Risk factors 4. 
1.2.3 Socioeconomic related gradient of dental caries prevalence 1 
1.2.4 Stress 7 
1.3 What are the harmful oral bacteria? 8 
1.4 Plaque's Role 9 
1.5 Saliva's Contribution ] 1 
1.6 Streptococcus mutans \ 2 
1.6.1 Acquisition of Streptococcus mutans ] 4 
1.6.2 Streptococcus mutans virulence factors and dental caries 14 
1.7 Role of Streptococcus mutans in Infective endocarditis (IE) 16 
1.8 Microbial biofilm 17 
1.8.1 Quorum sensing in Streptococcus mutans 7 
1.8.2 Development of oral biofilm ' 9 
1.9 The role of other bacterial species in dental caries 20 
1.10 Prevention of Dental Caries > 1 
1.10.1 Dental Health Education i ] 
1.10.1.1 Oral Hygiene )2 
1.10.1.2 Diet and Sugar Consumption 22 
1.10.2 Tooth Protection 22 
1.10.2.1 Sealants 70 
Contents 
1.10.2 .2 Fluoride Tablets 23 
1.10.2.3 Topical Varnishes/Fluoride Solutions 23 
1.10.3 Antibiotics- Chlorhexidine 23 
1.10.4 Replacement therapy 24 
1.10.5 Immunization 24 
1.10.5.1 Active immunization 24 
1.10.5.2 Passive immunization 24 
1.10.6 Natural Products - Medicinal herbs 25 
1.10.6.1 Plant-Based Medicines 28 
1.10.6.2 Evaluation of medicinal plant products employed to treat oral 
diseases 29 
1.11 Expression of genes associated with virulence of Streptococcus mutans 30 
1.12 Plant and plant based compound used in our study 32 
1.13 Aim and Objectives 33 
Chapter II Materials and Methods 34-50 
2.1. Materials 34 
2.1.1 Culture media 34 
2.1.2 Sterilisation of growth media and models 34 
2. 1.3 Chemicals/reagents used 34 
2.2. Methods 36 
2.2.1 Ethical Consideration 36 
2.2.2 Bacterial test strains and culture conditions 36 
2.2.2.1 Mutant strains 36 
2.2.2.2 Clinical strain 36 
2.2.3 Genomic DNA isolation from the S. mutans 37 
2.2.4 PCR based confirmation ofS. mutans 37 
2.2.5 Collection and identification of plant materials 38 
2.2.6 Preparation of extracts 3 8 
2.2.7 Agar diffusion assay 3 8 
2.2.8 Determination of minimum inhibitory concentration and minimum 
bactericidal concentration 39 
2.2.9 Saliva Collection 3 9 
2.2.10 Adherence to saliva coated glass surfaces 3 9 
Contents 
2.2.11 Saliva coated biofilm assay 
2.2.12 Effect on acid production 
2.2.13 Cell-surface hydrophobicity 
2.2.14 Inhibition of water-insoluble glucan synthesis 
2.2.15 Effect on growth at sub-inhibitory concentration 
2.2.16 Toxicity studies of plant extract 
2.2.17 Hemolytic assay 
2.2.18 ELISA 
2.2.19 Molecular docking studies 
2.2.20 Biofilm structure studies 
2.2.20.1 Epi-Fluorescence /Phase contrast microscopy 
2.2.20.2 CLSM analysis of 5. mutans biofilm 
2.2.20.3 Scanning electron microscopy 
2.2.20.4 Transmission electron microscopy (TEM) 
2.2.21 Gas Chromatography-Mass Spectrometry (GC-MS) analysis 
2.2.22 Caries induction in rats 
2.2.23 Gene expression analysis 
2.2.23.1 Design of quantitative PCR primers 
2.2.23.2 Bacterial strains and culture conditions 
2.2.23.3 RNA extraction using phenol/chloroform 
2.2.23.4 cDNA preparation 
2.2.23.5 Quantitative real-time PCR 
2.2.24 Statistical analysis 
40 
40 
41 
41 
42 
42 
42 
42 
43 
43 
4? 
4/1 
44 
45 
45 
45 
46 
46 
47 
47 
47 
48 
49 
Chapter III Action ofSyzygium aromaticum on adherence and biofilm 51-78 
properties of Streptococcus mutans: in vitro and in vivo 
study 
3.1 Introduction 
3.2 Experimental procedure 
3.3 Results 
3.3.1 Determination of minimum inhibitory concentration (MIC) 
3.3.2 GC-MS analysis ofS. aromaticum extracts 
3.3.3 Effect on bacterial adherence 
3.3.4 Effect on Streptococcus mutans biofdm formation 
51 
52 
52 
52 
53 
55 
55 
Contents 
3.3.5 Effect on acid production 5 5 
3.3.6 Effect of extracts on the cell surface hydrophobicity 59 
3.3.7 Effect on water-insoluble glucan synthesis 59 
3.3.8 Effect on growth at sub-MIC concentration 59 
3.3.9 Scanning electron microscopy 62 
3.3.10 Confocal laser scanning microscopy analysis ofS. mutans biofilm 65 
3.3.11 Effect on viability ofS. mutans cells 65 
3.3.12 ELISA 65 
3.3.13 In vivo studies 70 
3.3.14 Gene expression analysis by real time RT-PCR 72 
3.3.15 Molecular docking studies 15 
3.4. Discussion 76 
Chapter IV A novel anti-biofilm and anti-quorum sensing activity of 79-91 
eugenol against Streptococcus mutans: a potential anti-
plaque agent 
4.1 Introduction 79 
4.2 Experimental procedure 80 
4.3 Results 80 
4.3.1 Inhibition of adherence and biofdm formation 80 
4.3.2 Hemolytic activity 82 
4.3.3 Effect on growth curve 83 
4.3.4 Image analysis of biofdms 83 
4.3.5 Cell morphology analysis 85 
4.3.6 Effect on cell surface protein Ag I/II 85 
4.3.7 Docking Studies on Surface Protein Ag I/II 85 
4.3.8 Gene expression profiling ofS. mutans treated with eugenol 86 
4.4 Discussion 89 
Chapter V To determine the change in expression profile of clinical 92-105 
and mutant strains of Streptococcus mutans defective in 
biofilm formation 
5.1 Introduction 92 
5.2 Experimental procedure 93 
Contents 
5.3 Results 93 
5.3.1 Mutants and clinical strains ofS. mutans with altered adherence 93 
5.3.2 Saliva-coated biofdm assay 93 
5.3.3 Scanning electron microscopy 95 
5.3.4 Confocal laser scanning microscopy 97 
5.3.5 Comparative gene expression using real time qPCR 98 
5.4 Discussion 103 
Chapter VI Conclusion 106 
Bibliography 107-134 
List of Publications 135 
List of ConferenceAVorkshops Attended 136 
(Dedicated 
to my 
Atfimi dC (papa 
PRi' 
Jic^owlJecfgement 
/M fneUie, t» /Utni^^ W* <Utva^ 4e4ttKaed ate mtA amfilc fiaUettee nutd fit^tiev&taMee t ^ p<iuted 
tU paXA t» tkefo we (fout^ t^notu^ iAid <i»ui tAin ^ ^ <ueotH^(iiA*neit( o^ (Aid endeavom.... 
I taki this opportunity to e:qiress my sincere and profound gratitude to my supervisor 
<Dr. AsatCU "Kfian, Coordinator, InterdiscipCinary <Biotec(inoCogy Vnit, Ji^Vfor His immenseCy 
vaCuaBCe suggestions and constant encouragement througliout the study. My association xvitfi kim 
also taught me to appreciate the vaCue of patience, sustained efforts and humiCity in the 
development of heaCthy scientific temperament. J{is Broad ^ awCedge, criticaC thin^ng and hard 
wor^ng are of most vaCuefor me. I am indeStedto him more than he ^ows. 
I wouCd r% to thanh^ <Prcf. M SakemudiGn, Or. ^wan jCasan 'Kfian, <Dr. M Owais and 
<Dr. JGna 'timnus of InterdiscipCinary (Biotechnology Vnit for their vaCuahk support and 
encouragement. 
I extend my sincere thanks to <Dr. <Praveen 'Uerma at U^<P^<S^for permitting me to carry out reaf 
time ^~<PC^ in his CaSoratory and to (Dr. "KjinaC singh for heCping me in those ey;penments 
Jl 6ig warm than^ to (Dr. Seema 'WafiaBfor Seing heCpfuC and supportive in my initiaCdays. 
I heartiCy ac^ow(edge the heCp and cooperation which I received from my senior (Dr. ^sina %jian 
for always Being concerned and solving my proBCems. She has Been a source of inspiration and has 
aCways Been ready to [end her hefping hand aCong with her scientific advices. I appreciate the 
Broadening scientific discussions throughout the wor^with her Oder hjndness is reaCCy appreciated 
andafways in my mind forever. 
I am highly gratefuC to (Dr. Jawed IqBaC, (Dr. A^am. WaR, (Dr. ShaAper Kazeer, 
(Dr. Shazi Sha^C, (Dr. Za^, (Dr. Saeedut Zafar, (Dr. Jinees A^mad, (Dr. Tabtsh and 
Sha^rfor Being very heCpfiiC and supportive seniors. I am cordially gratefuC to my CaB-mates and 
reaCCy short of words to than^ my coCCeagues faheem, Sadaf, Ar6a6, (DanisfiudcRn, ShadaS, 
Shatavari, Shariq and Lama for Being ever ready to heCp. It was a treasured pCeasure to wor^ 
with them. 
Uy heartfeCt thanhs goes to my friends Mhar, 'Hassan, Saeed, Zeeshan, ZainuC Saif Sumeet 
and <Sitidfor ta^ng on the monumentaC tash^ of tolerating and Bearing me and my proBCems, 
providing guidance on not onCy wor^reCated matters But personal natters too. 
Jic^mvCecCgement 
I am indeed than^t to my friend 9{adenn with whom I have shared nice moments of my Cife. Jfis 
advices and suggestions are deepCy appreciated. I e^jjress my heartiest than^ to my friend 
St^eemfor aCways Being with me andsofving my proSfems. 
I owe my heartfeCt than^ to aCC other seniors ((Dr. <Ejaz ^hmad, <Dr. Irfan Afimad, 
(Dr. 'Ejaj Afimad, <Dr. Mairaj, (Dr. Amn, (Dr. (Faraz, (Dr. Mmat AG, (Dr. Qamar Zia, 
(Dr. ^^Bani, Jawed, Sumit, Mda, Atiya, Munazza) and tainted juniors (SfiaAwaz, Tazle, 
Amaj, MahSooS, Jyoti, MoRsin, (Parvez, ^han, MasAuzzama, Asif, SaBa, Tarfieen, 
SHadaB 'Kflzmi, ScuuC Taisal^ Afimar, ^Nida, faraz)for their countkss heCp and support. 
I aCso than^Mr. LafMoM. T^um, Mr. Syed^FaisaiMaqBooi, Mr. Iqtediar ^ usain, (Dr. (Parveen 
SaHafiuddm, Mr. Amir AG, Mr. (Rflmesd Cdandra, Mr. Isham "Kfian, Mr. MoRd H^asir, 
Mr. Ashraf, Mr. Cfiandra <P(U. Mr. Masfi^por, Mr. ^jendra, Mr. (gfljes/i and Mr. Zal^rfor their 
heCp and cooperation whenever needed. 
I ey^end my thanks to my cousins Sajid Shahid Jawed Shamshad Sfiamsfiir, Amir, 
Adam, tarweer, Tauter, Monis, Asma and my unck ^A- "Kfian for aCways Being understanding. 
I am in short of words to than^my younger Brother Adnan for aCways Being heCpfuC, appreciating 
and aCso criticaC wherever required and for aCC the times when he had to ta^ up my share of 
responsiBiCities without any complaints. 
University grants Commission (VgC) and (Department of (Biotechnology ((D3T) %ew <De[hi are 
gratefuCCy ac^owkdgedfor providing financial assistance during my research wor^ 
Lastly, But most importantly, I would li^ to ey^press my heartfelt and loving gratitude to my 
parents. Their love, care, and support did not let me down even in the difficult phases of my 
research wor^ i/Vb word can egress my feeling for them. It's their hardwor^ sacrifice, prayers 
which is Bound in this thesis. I certainly awe a great deBt of gratitude. 
finally, I would li^ to than^everyBody who was important to the successful realization of this 
thesis, as well as e^essing my apology that I couldnot mention personally one By one. 
(MohdAdd) 
^Sfications 
LIST OF ORIGINAL CONTRIBUTIONS 
This thesis is based on the following original publications: 
1. Mohd Adil and Asad U Khan. A novel anti-biofilm and anti-quorum sensing 
activity of eugenol against Streptococcus mutans: a potential anti-plaque agent 
(communicated in Journal of Applied Microbiology). 
2. Mohd Adil and Asad U Khan. Molecular basis of anti-biofilm and anti-adherence 
activity of Syzygium aromaticum on Streptococcus mutans: in vitro and in vivo 
study (communicated in Phytomedicine). 
3. Mohd Adil and Asad U Khan. Expression profile of clinical and mutant strains of 
streptococcus mutans defective in biofilm formation (under preparation). 
m 
JiSSreviations 
LIST OF ABBREVIATIONS 
AEP - Acquired Enamel Pellicle 
Agl/II - Antigen I/II 
AHLs - acyl-homoserine lactones 
APS - Ammonium per sulphate 
ATP - Adenosine triphosphate 
BHI - Brain Heart Infusion broth 
CPU - colony forming units 
CHX - Chlorhexidine digluconate 
CLSI - Clinical and laboratory standards institute 
CLSM - Confocal laser scanning microscopy 
CTAB - Cetyl trimethylammonium bromide 
DEPC - Diethyl pyrocarbonate 
DMFT - Decayed Missed and Filled Teeth 
DNA - Deoxyribonucleic acid 
EPS - Extracellular polysaccharides 
FTP - Fructosyltransferase enzyme 
Gbp - Glucan binding proteins 
gbpB - glucan binding proteins 
Gtf - Glucosyltransferase enzyme 
IE - Infective Endocarditis 
MIC - Minimum inhibitory concentration 
MTCC - Microbial type culture collection 
IV 
JiSSreviations 
NAD - Nicotinamide adenine dinucleotide 
OD - Optical Density 
PCR - Polymerase chain reaction 
PI - Propidium iodide 
QS - Quorum sensing 
RBCs - red blood cells 
RNA - Ribonucleic Acid 
RT-PCR - Reverse transcriptase polymerase chain reaction 
SEM - Scanning electon microscopy 
TEMED - N,N,N',N'-tetramethylethylenediamine 
TSB - Tryptone Soyabean Casein Digest 
WHO - World Health Organization 
LIST OF FIGURES 
Tig ares 
Figure No. Title Page No. 
Figure 1.1 The ecological plaque hypothesis. 
Figure 1.2 Utilization of sucrose by Streptococcus mutans and 
pathogenesis of dental caries. 
Figure 1.3 Different stages of tooth decay. 
Figure 1.4 Complex, multi-factorial aetiology of dental caries. 
Figure 1.5 Steps involved in the formation of dental plaque. 
Figure 1.6 Microscopic views of Streptococcus mutans. 
Figure 1.7 Streptococcus mutans pathogenesis of dental caries. 
Figure 1.8 Diagramatic representation of the biofilm 
development. 
Figure 1.9 Bacterial accumulation and multigeneric 
coaggregation during the formation of dental plaque. 
Figure 3.1 Inhibitory effects of crude (A) and DEE fractions 
(B) of Syzygium aromaticum on the adherence of 
Streptococcus mutans to glass surface. 
Figure 3.2 Effects of crude (A) and DEE fractions (B) of 
Syzygium aromaticum on biofilm formation of 
Streptococcus mutans to saliva coated surface. 
Figure 3.3 Inhibitory effects of crude (A) and DEE (B) 
fractions of Syzygium aromaticum on biofilm of 
Streptococcus mutans to saliva-coated microtitre 
plate at different time intervals. 
3 
4 
8 
10 
13 
15 
18 
21 
56 
57 
5^ 
VI 
Tigures 
Figure 3.4 Inhibitory effects of crude (A) and DEE (B) 
fractions of Syzygium aromaticum on 
hydrophobicity of Streptococcus mutans. 60 
Figure 3.5 Inhibitory effects of crude (A) and DEE (B) 
fractions of Syzygium aromaticum on water 
insoluble glucan formed by Streptococcus mutans. 61 
Figure 3.6 Effect on growth at sub-MIC concentration of crude 
and DEE fractions oi Syzygium aromaticum. 62 
Figure 3.7 Scanning electron microscopy of Streptococcus 
mutans biofilm grown in BHI supplemented with 
0.25% sucrose; (A) control (B) with sub-MIC 
concentration of crude and (C) DEE fraction of of 
Syzygium aromaticum. 63 
Figure 3.8 CLSM images of Streptococcus mutans biofilm 
formed after 24 h of incubation. (A) Control (B) 
with sub-MIC concentration of crude and (C) DEE 
fraction of of Syzygium aromaticum. 66 
Figure 3.9 Fluorescence/Phase contrast microscopy images of 
Streptococcus mutans biofilm grown in BHI 
supplemented with 0.25% sucrose (A) control (B) 
with sub-MIC concentration of crude and (C) DEE 
fraction of of Syzygium aromaticum. 68 
Figure 3.10 Effects of Crude and DEE treatments on 
development (smooth and sulcal-surface caries 
severity) of dental caries. 71 
Figure 3.11 Gene expression profile of specific genes involved 
in biofilm formation in the presence of crude and a 
DEE fraction of Syzygium aromaticum. 74 
vu 
'Figures 
Figure 3.12 Molecular modelling and docking of five best 
inhibitors from the DEE fraction with the active site 
ofAgl/II. 
Figure 4.1 Effect of eugenol on adherence and biofilm forming 
abilities of Streptococcus mutans. 
Figure 4.2 Hemolysis caused by chlorhexidine ("•") and 
eugenol ('*•) 
Figure 4.3 Growth curves of Streptococcus mutans treated with 
sub-MIC concentration of eugenol. 
Figure 4.4 Confocal laser scanning microscopy images of 
Streptococcus mutans biofilms. 
Figure 4.5 TEM images of Streptococcus mutans (a) control 
treated with 0.05% ethanol, (b and c) treated with 
sub-MIC concentration of eugenol and CHX 
respectively. 
Figure 4.6 Docked conformations (A) Eugenol with target 
protein (B) Interacting amino acids with eugenol. 
Figure 4.7 Effect of eugenol on gene expression of 
Streptococcus mutans. 
Figure 5.1 Scanning electron micrographs comparing biofilm 
formation of Streptococcus mutans MTCC (A) and 
mutants (B and C) accumulated on saliva-coated 
coveslips after 24 h of inoculation. 
Figure 5.2 Scanning electron micrographs comparing biofilm 
formation of Streptococcus mutans MTCC (A) and 
clinical strains (B and C) accumulated on saliva-
coated coveslips after 24 h of inoculation. 
75 
81 
82 
83 
84 
85 
86 
88 
96 
96 
Vlll 
'Figures 
Figure 5.3 Confocal laser scanning micrographs of biofilms of 
Streptococcus /nutans MTCC and its mutant strains 
grown on saliva coated coverslips (A) MTCC (B) A 
13(C) A 10. 97 
Figure 5.4 Confocal laser scanning micrographs of biofilms of 
Streptococcus mutans MTCC and its clinical strains 
grown on saliva coated coverslips (A) MTCC (B) 
SM182(C)SMI85. 97 
Figure 5.5 Variation in gene expression of Streptococcus 
mutans MTCC ( • ) and its A10 mutant strain ( • ) . 99 
Figure 5.6 Variation in gene expression of Streptococcus 
mutans MTCC ( • ) and clinical strain SM 185 ( • ) . 100 
Figures.? Variation in gene expression of Streptococcus 
mutans MTCC ( • ) and its A13 mutant strain ( • ) . 101 
Figure 5.8 Variation in gene expression of Streptococcus 
mutans MTCC ( • ) and clinical strain SM 182 ( • ) . 102 
IX 
Tadles 
LIST OF TABLES 
Table No. Title P a g e No. 
Table 1.1 Summary tables of studies exploring the biological and 
socioeconomic risk factors for dental caries in young adults 
and children. 5 
Table 1.2 Medicinal plants used against Streptococcus mutans in the 
treatment of various ai lments. 26 
Table 1.3 Plants exhibiting anticariogenic activity. 28 
Table 1.4 List of plants most commonly used in the treatment of oral 
problems. 30 
Table 3.1 Min imum inhibitory concentration and effect of 
S. aromaticum extracts on acid production by Streptococcus 
mutans. .S3 
Table 3.2 GC-MS analysis of Syzygium aromaticum extract. i3 
Table 3.3 Nucleotide sequences of primers to be used in this study. 73 
Table 4.1 Nucleotide sequences of primers to be used in this study. S7 
Table 5.1 Adherence and pH values of mutant strains at 24 h and 48 h. 94 
Table 5.2 Adherence and pH values of clinical strains at 24 h and 48 h. 95 
Table 5.3 Nucleotide sequences ofprimers to be used in this study. 98 
ABstract 
Jibstract 
Dental caries is a biofilm dependent oral infectious disease caused by 
Streptococcus mutants with high socioeconomic impact and forms one of the most 
complicated biofilm systems in nature. The first study examined the effects of 
Syzygium aromaticum extracts on the virulence properties of Streptococcus mutans. 
The activity of glucosyltransferases, in the presence of crude and diethylether fraction 
(DEE), reduced to 80% at 78.12tig/ml and 39.06|xg/ml, respectively. The glycolytic 
pH drop by S. mutans cells were also disrupted by these extracts without affecting 
the bacterial viability. Microscopic analysis revealed morphological changes of the 
S. mutans biofilm indicating that these plant extracts at sub-MICs could significantly 
affect the ability of S. mutans to form biofilm with distorted extracellular matrix. 
Furthermore, with the help of quantitative RT-PCR, the expression of different genes 
involved in adherence, quorum sensing, in the presence of these extracts were down 
regulated. The crude and active fractions were found effective in preventing caries 
development in rats. The data showed that S. aromaticum holds promise as a novel. 
naturally occurring source of compounds that may prevent biofilm-related oral 
infections. 
The objective of next study was to evaluate the effect of eugenol on 
Streptococcus mutans, a major etiological agent of dental caries and infective 
endocarditis in heart tissues. The ability to form biofilms on tooth surfaces is the 
major virulence factor of this bacterium. Eugenol was evaluated for its inhibitory 
activity against virulence properties such as adherence and biofilm formation. Growth 
curve as well as morphological changes in the cells of 5. mutans surface and biofilm 
were observed and analyzed using confocal laser scanning microscopy and 
transmission electron microscopy. The effect of eugenol on expression of genes 
involved in biofilm formation and quorum sensing was also checked by quantitative 
real-time polymerase chain reaction (qRT-PCR). The present data revealed that 
eugenol at the sub-MIC concentration, inhibits the ability of biofilm formation by 
S. mutans but does not affect the bacterial growth. Moreover, it also affects the 
expression of genes, three of them {gbpB, relA and/(/) were found to be suppressed 
maximally. These results led us to conclude that eugenol is an effective anti biofilm 
and anti-quorum sensing agent against S. mutans and can be used as potential 
therapeutic agents against oral disease. 
XI 
JLSstract 
Dental caries is a prevalent infectious disease caused by the indigenous oral 
microflora. The primary agents of the disease are members of mutans Streptococci, 
mainly Streptococcus mutans. The variations amongst S. mutans and its virulent 
properties are of keen interest. Therefore, the purpose of last study was to analyze 
the role of a number of regulatory and signal transduction-associated genes 
responsible for biofilm formation in biofilm-defective mutants and clinical strains of 
Streptococcus mutans. These strains with altered biofilm forming abilities were 
isolated to assess their cariogenic potentials and were compared with the reference 
strain. The gene expression profiles of these strains were also carried out. We report 
here the variation in the properties of these strains, which include some that produced 
increased biofilm while others with reduced biofilm. The investigations described 
herein confirm that multiple genes are associated with biofilm formation. 
xu 
Cfiapterl 
(Rfinew of Literature 
(Revieiv of Literature 
1.1 Dental Caries 
Caries or dental decay is one of the most common diseases we face today. 
According to the World Health Organization (WHO), caries is present in over 60 to 
90 % of school children (Mehta, 2012). Caries risk varies with age; socioeconomic 
status and ethnicity as well as according to the individual's own immune response 
(Marcotte, 1998). Caries is often thought to be preventable due to caries relationship 
with plaque abundance therefore much of the therapeutic focus has been on chemical 
and physical plaque removal (Wilson, 1989). Due to the overwhelming amount of 
individuals with caries, numerous models have been developed to understand the 
caries phenomenon. The caries model developed by Keyes, relates the host's diet with 
relative amounts of plaque bacteria (Forssten et al., 2010). This model portrays the 
importance of lifestyle and behavior in predicting caries (Forssten et al., 2010; 
ten Cate, 2009). Here, the host contributes to caries based on their relative diet, 
saliva and immune response. From this point forward the bacterial composition 
will shift with differing stages and ultimately reflect the severity of disease 
(Cohen, 1980; Loesche, 1979). Although indigenous bacteria are often compatible 
with the host, even in high numbers, often transient or exogenous bacteria can cause 
disease. It is this imbalance of normal flora that can be pathogenic and led scientists to 
adopt the specific plaque hypothesis (Figure 1.1) (Marcotte, 1998). Bacteria inhabit 
saliva, hard and soft tissues, but the host's diet contributes to low pH. This low pH 
increase acidogenic bacteria, aggravating the condition (Tanner, 2000). This accounts 
for the fact that without carious conditions, cariogenic bacteria are insignificant 
(Marsh, 2004). 
Figure 1.1: The ecological plaque hypothesis (Marsh PD, 1994). 
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1.2 The Dental Caries Epidemic 
Oral health is a substantial component of general health, well being and as 
such dental caries has a significant impact on an individual's quality of life. It remains 
one of the most common chronic infectious diseases in which individuals remain 
susceptible to the disease throughout their lifetime (Edelstein and Chinn 2009; 
Marthaler, 2004). Tooth decay may be considered as the most expensive infection that 
most people have to battle over their lifetime (Loesche, 1986) because it is so 
constantly reoccurring, one of the reasons being the present treatment method. 
Moreover, dental caries is associated with a substantial economic burden 
(Casamassimo et ah, 2009). Currently, only the symptoms are treated for this disease 
instead of the disease itself and there are only a few practical preventative methods 
aimed to control the bacterial factors involved in the decay. Consumers and 
professionals alike are fighting only with methods to disturb the colonies, not remove 
them. Dental caries of the primary dentition can have additional complications for 
young children, including impairment of growth and development due to decreased 
nutritional intake associated with the pain of tooth decay and speech disorders arising 
due to missing teeth can lead to subsequent development of psychological disorders, 
such as poor self esteem. The removal of teeth in young children can also pose 
additional risks associated with conscious sedation and general anesthesia. There have 
been no meaningful improvements in the prevalence of dental caries. Improvements 
made up to this time are majorly presumed to be related to the increased use of 
fluoride toothpaste (Pitts et al, 2005). However, with significant numbers of people 
still experiencing caries there is a need for more direct and innovative methods of 
delivering preventative care if significant improvements are to be made. 
1.2.1 Aetiology 
The aetiological factors of dental caries are the presence of cariogenic bacteria 
together with a diet containing fermentable carbohydrates. Over the time this 
combination can lead to the development of carious lesions (Figure 1.2). Dental caries 
is characterized by the localized demineralisation of tooth surfaces and is associated 
with the indigenous oral flora. Dental caries arise when the balance of the indigenous 
oral flora shiflis to support the growth of potentially pathogenic microorganisms with 
the ability to ferment carbohydrates. 
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A diet high in carbohydrates, such as sucrose, supports the growth of 
acidogenic species that are capable of fermenting carbohydrates to produce acids, 
particularly lactic acid (Taubman and Nash, 2006). Following sugar intake, acid 
metabolism by oral cariogenic species can lead to the demineralisation of tooth 
surfaces. Demineralisation is a process by which hydrogen ions dissolve the 
carbonated hydroxyapatite crystal lattice of enamel and subsequently dentin and 
eventually into the pulp (Figure 1.2). 
Carbohydrate Substrate 
Sucrose Starch 
GTF Amylase 
Extracellular polysaccharides Maltose 
Dental Plaque 
Bioflim •> Lactic acid 
1 
Enamel dissolution 
Figure 1.2: Utilization of sucrose by Streptococcus mutatis and pathogenesis of 
dental caries. 
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Demineralisation can be reversed in its early stages of tooth decay however; 
continued demineralisation can lead to the development of cavitated lesions on the 
tooth surface (Featherstone, 2008). Under healthy circumstances this process is 
balanced by remineralisation of tooth surfaces, a process by which calcium and 
phosphate ions dissolved in saliva diffuse back into the porous tooth surface. 
The cycle of demineralisation/remineralisation occurs following meals containing 
fermentable carbohydrates. Whether a lesion progresses, stops or reverses is 
determined by the balance of these two processes. Thus, a diet high in fermentable 
carbohydrates increases the acid metabolism of acidogenic bacteria, lowering the 
pH of the oral cavity and advancing the demineralisation process (Figure 1.3). 
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Figure 1.3: Different stages of tooth decay; (A) Acids present in the oral cavity 
destroy the enamel of the tooth. (B) The dentine is then attacked by 
acids and bacteria invade the cavity. (C) Inflammation of the pulp. 
(D) Necrosis of the pulp tissue followed by periapical abscess formed at 
the apex of the root (http://renonvdentistry.com/). 
1.2.2 Risk factors 
A wealth of epidemiological studies has attempted to identify biological and 
socioeconomic risk factors for dental caries, some of which is reported in Table 1.1. 
From these studies and others, common risk factors for dental caries development 
include age, psychological stress, oral hygiene behaviors, previous caries experience 
and low socioeconomic status. Additional risk factors, not cited in the table including 
the misuse of nursing bottle (Robke, 2008), immigrant status (Wendt et al., 1994) and 
diabetes (Siudikiene et al., 2008). 
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Table 1.1: Summary table of studies exploring the biological and socioeconon:iic risk 
factors for dental caries in young adults and children (Malcolm, 20 3). 
Study Design n (age) Findings References 
Cross-sectional analysis to 
examine the relationship 
among microbiological 
composition of dental 
plaque, sugar exposure and 
social factors in young 
children with different 
stages of caries. 
« = 169 
(three- to 
four-years-
old). 
High MS, total sugar 
consumption and the 
presence of visible 
plaque were significantly 
associated with ECL 
(p < 0.05). High total 
plaque bacteria, frequency 
of sugar intake and high 
LB were significantly 
associated with CCL 
(p < 0.05). 
(Parisottoero/., !010a) 
Cross-sectional analysis to 
investigate the relation-
ship between stress-related 
psychobiological factors 
and high prevalence of 
dental caries among 
children of low SES in the 
Francisco Bay of California. 
« = 94 (five-
to six-years) 
SES was inversely 
associated with basal 
salivary Cortisol (p < 0.05). 
High MS and LB were 
associated with dental 
caries (p < 0.001). Low 
SES, high concentrations 
of basal salivary Cortisol 
and high level of MS and 
LB were predictive of 
caries lesions in a multiple 
logistic model (p < 0.001). 
Children with the highest 
number of lesions had the 
highest combinations of 
basal Cortisol concen-
trations and high MS and 
LB counts 
(Boyceera/., 2010) 
Cross-sectional study to 
assess the relationship 
between socioeconomic 
factors, behavior and the 
severity of ECC in Thai 
children. 
n = 520 (six-
to 19-months 
-old) 
Children from low-income 
families, those with low 
education and mother's 
and care givers with 
decayed teeth had higher 
ECC scores (p = <0.05). 
Breast fed children and 
those with high MS counts 
also had higher ECC 
scores (p = <0.05). 
(Vachirarojpisan et a!.. 
2004) 
<^eview of Literature 
Cross-sectional study to 
Investigate the relation-
ship between dental caries 
experience, dental plaque 
accumulation and MS levels 
in children from two 
areas of Ulaanbaatar city, 
Mongolia. 
« = 670 (one-
to five-years-
old) 
Caries prevalence and 
mean dmft were high in 
both areas. Higher family 
income and education 
level of mothers was 
significantly associated 
with higher caries 
prevalence. 
(Jigjid et al., 2009) 
Longitudinal study to 
investigate the immuno-
logical and microbiological 
changes during caries 
development in young 
children 
n = 40 
(three-to 
five-years-
old) 
No differences in baseline 
MS or LB between CA 
and CF groups (p > 0.05). 
Both MS and LB 
were higher in the CA 
group at follow-up 
compared with a baseline 
CA group (p < 0.05). LB 
higher in the CA group 
compared with the CF 
group at follow up 
(p < 0.05). Total and 
specific sIgA increased 
over time in both CA and 
CF groups (p < 0,05). 
Lower baseline levels of 
anti-GbpB associated with 
higher caries at follow-up 
(OR 7.5). 
(Parisottoera/., 2011) 
Longitudinal study to assess 
caries risk in very young 
children of low SES 
n= 128, (six-
to 24-months 
-old and their 
primary care-
givers) 
Caries prevalence and MS 
count increased over the 
study period (p < 0.05). 
The presence of visible 
plaque (p = 0.015), MS 
(p < 0.001), consumption 
of sweetened beverages 
(p = 0.001) and age of 
children (p = 0.006) at 
baseline were associated 
with caries at follow-
up. Socio-demographic 
variable were not found to 
be associated with caries 
(Warren e? a/., 2009) 
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1.2.3 Socioeconomic related gradient of dental caries prevalence 
Dental caries demonstrate a socioeconomic status (SES) related gradient of 
distribution, with those from the lowest socioeconomic groups having the highest 
prevalence of the disease (Figure 1.4) (Radford et al., 2000; Radford et al., 2001; 
Shaw et al., 2009; Sisson, 2007). This suggests that the position of individuals on the 
social gradient is an important determinant of oral health. Also the finding that 
childhood dental health is predictive of adult dental health (Thomson et al., 2004), 
there is a real need to develop existing methodologies in order to target the youngest 
age groups if significant improvements in dental health are to be made across the 
socioeconomic spectrum. 
1.2.4 Stress 
There is evidence that the relationship between low SES and caries prevalence 
may be influenced by stress (Quinonez et al., 2001; Reisine and Litt, 1993). 
Activation of the hypothalamic-pituitary (HPA) axis stimulates the release of 
neuroendocrine hormones, including noradrenaline, adrenaline and Cortisol (Raison 
and Miller, 2003). The 'stress response' is activated in response to physical stressors, 
such as infection and injury, but also in response to psychological stress, such as 
social stress related to life experiences. Under stress activating conditions the immune 
system and neuroendocrine system communicate continuously via neurotransmitters. 
Thus, in case of chronically stressed individuals their ability to mount an adequate 
immune response may be diminished (Dragos and Tanasescu, 2010). Over time this 
has high demands on the body and can lead to tissue pathology and subsequently 
to disease (Sabbah et al., 2007). It is now widely recognized that prolonged 
psychological stress can increase host susceptibility to inflammatory and infectious 
diseases (Bosch et al., 2002; Kiecolt-Glaser et al., 2002). There is evidence to suggest 
that salivary Cortisol levels are associated with increased carriage of cariogenic 
bacteria and a higher prevalence of dental caries (Boyce et al., 2010). 
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Figure 1.4: Diagrammatic representation of the complex and multi-factorial aetiology 
of dental caries (Keyes and Jordan, 1963). 
1,3 What are the harmful oral bacteria? 
There are as many as 200-300 species of bacteria in the mouth, living in this 
optimal environment having water, nutrients, a suitable pH and suitable temperature 
for growth. Many of those species are harmless or even helpful, but there are a few 
that are harmful. These harmful bacteria are known as dental pathogens. These 
dental pathogens are responsible for tooth decay, or dental caries (which in Latin 
means rottenness) (House et al., 2004). Of these, there are a few species from the 
genus Streptococcus, termed the Mutans Streptococci (MS). They are so named 
because in 1924 a scientist named Clarke isolated what he thought was a single 
^vieiv of Literature 
species of bacteria from tooth decay and named it Streptococcus mutans. Clarlc 
associated S. mutans with tooth decay but other scientists were unable to find the 
bacteria and thus were not further studied. It was later rediscovered and concluded to 
be associated with tooth decay. It was also discovered that S. mutans was not just a 
single species of bacteria but consisted of eight different serotypes and four genetic 
groups, which were declared species. S. mutans was the name given to the species 
that most resembled Clarke's original isolation (Loesche, 1986). 
The S. mutans serotype C accounts for 70% to 100% of the MS and is most 
frequently associated with tooth decay. S. sobrinus is the second most prevalent and 
is the second most associated with tooth decay. Referring to Loesche, "The MS are 
not particularly good colonizers of the tooth surface, yet S. mutans is among the first 
MS to colonize infants shortly after their teeth erupt and in one study was the only MS 
isolated from caries-active infants." Our bodies, however, have a natural defense 
against these bacteria. There is a net negative charge on the tooth surface as well as 
on most bacteria, which causes repulsion between the two. When plaque forms, 
however, this natural barrier breaks down. Dental plaque adheres to the different 
surfaces of the teeth with varying affinity based on the morphology of the tooth and 
causes a sequestered environment where the acid produced by the bacteria can eat 
away at the tooth. Tooth decay occurs when the bacteria breach the hard enamel, 
invade the dentin and pulp and eventually cause the death of the tooth (Khan et al, 
2012) (Figure 1.3). A treatment strategy that delays inhibit or eliminates the 
colonization of the Streptococcus mutans would cause a reduction in decay, ultimately 
leading to less tooth damage. 
1.4 Plaque's Role 
Plaque, the primary etiological agent in caries, is a complex yet stable 
ecosystem developed on the surface of the tooth (Atack, 1996; Gibbons and van 
Home, 1973; Socransky et al., 1971). It matures sequentially from inter and intra 
species interactions within the host, allowing bacteria to adhere and colonize the 
tooth's surface (Socransky et al., 1971) and form biofilm. Most often this biofilm is 
harmless, but when bacterial and environmental conditions prevent equilibrium, 
caries and periodontal disease may occur. Biofilms are formed in different phases 
(Figure 1.5). Initially, Brownian movement and bacterial chemotaxis occur in which 
9 
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bacteria are transported to a given surface (Quirynen, 1995). The next phase involves 
interaction between that surface and the bacteria (Gibbons and van Houte, 1973; 
Quirynen, 1995). The resulting initial adhesion is due to Van der Waals forces and 
electrostatic attraction, which often is reflected as the surface free energy of the 
material (Bollen, 1997). This is followed by a firmer attachment with specific ionic, 
covalent and hydrogen bonds bridging bacteria to the surface through specific 
extracellular proteins. In this phase not only surface tension, but hydrophobicity and 
bacterial affinity for salivary proteins has an effect on adhesion (Wilson, 1989; 
Busscher, 1984). Bacteria now attached, begin to grow and often overcome the shear 
forces of saliva and mastication (Gibbons and van Houte, 1973). This is the final 
phase, in which different bacteria proliferate and colonize the surface by co-adhesion 
and coaggregation (Quirynen, 1995). As plaque levels increase, and species diversity 
evolves, the plaque becomes harder to remove and more pathogenic in nature (Leung, 
2006). This biofilm, which was once reversible, under the right conditions, quickly 
becomes more established. This enhanced communication between bacteria is now 
considered irreversible. Coaggregation and coadherence between bacterial cells 
coordinate a firm community, which with time becomes more gram-negative and 
anaerobic, leading to enamel dissolution (Kolenbrander, 2002; Kolenbrander, 2000; 
Nyvad, 1993). 
ATTACHMENT AND COLONIZATION GROWTH AND PROUFERATION MATURATION AND DETACHMENT 
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Figure 1.5: Steps involved in the formation of dental plaque (Peters, 2005). 
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1.5 Saliva's Contribution 
Saliva is made up of 98% protein, and contributes to the equilibrium that 
keeps the oral cavity in a disease-free state (Castro et ai, 2006; Vitorino, 2006). 
Acquired through the pellicle, salivary composition becomes the substrate for 
bacterial inhabitation (Vitorino, 2006). In addition to proteins, saliva contains 
carbohydrates and lipids which can vary with a host's diet and oral hygiene (Hahnel, 
2008). Social, psychological, biological, genetic and environmental factors can all 
contribute to a person's salivary state (Tenovuo, 1997). The saliva's components have 
the ability to both compromise and protect, giving it a dual role depends on the host's 
conditions (Castro et al., 2006; Nikawa, 2006). 
Development of the salivary pellicle on the enamel forms almost immediately 
after brushing, and consists of glycoproteins, acid rich proteins, mucins, exoproducts 
and sialic acid (Davies, 1991). Bacteria adhere to this layer through primary 
colonizers and surface interactions, followed by increasing colonization between cells 
(Marsh, 2005; Davies, 1991). Microbial counts increase through cell division forming 
a pellicle within 90 minutes of brushing (Quirynen, 1995). As colonization and 
multiplication of bacteria progress, the pellicle changes not only its conditions but 
also its inhabitants (Ahn, 2007). 
Saliva has many beneficial properties. It serves as a buffer decreasing the 
solubility of hydroxyapatite, the major component in the teeth. The buffering capacity 
helps prevent demineralization of teeth and neutralizes bacterial acid (Bardow, 2001; 
Bardow, 2000). In addition to buffering, salivary flow rate and total protein content 
affect bacterial counts and pH, thereby helping maintain equilibrium. In addition to 
quality, the quantity of saliva is important for buffering and caries resistance. 
Differences in gender and age as far as buffering capacity and salivary flow can affect 
caries prevalence. Increases in salivary flow not only increases pH, denying bacteria 
their optimum growth conditions, but copious saliva allows elimination of food and 
bacteria by way of swallowing. This form of clearance, stimulated by chewing, can 
increase the amount of saliva and composition of saliva, furthering its importance 
(Lara-Carrillo, 2010). 
Various components of saliva aid or deter bacterial attachment, directly 
affecting colonization, initiation and formation of caries. Antibacterial components 
11 
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such as lysozyme, lactoferrin, lactoperoxidase and secretory IgA prevent attachment 
of bacteria (Gibbons and Nygaard, 1970; Quirynen, 1995; Radford, 1998). Proteins 
such as proline rich proteins, histatins and statherin can also inhibit bacterial 
adherence. Therefore, pellicles with decreasing levels of these particular proteins 
are found to have increased caries. This results from firmer attachment followed 
by bacterial growth (Ahn et a/., 2002; Castro et al., 2006). In addition, salivary 
agglutins allow organisms to be removed through deglutination, by preventing 
binding and bacterial aggregation (Ahn, 2008; Castro et al, 2006; Jenkinson, 1997; 
Loimaranta et al, 2005). 
Although salivary proteins can serve as bacterial antagonists, they can also 
promote bacterial adhesion with the help of over forty proteins. Proteins serve as 
receptors for bacterial ligands or as a nutrient source, as in the case of sucrose 
dependant binding (Castro et al, 2006). Due to the very nature of high molecular 
weight glycoproteins and mucins, bacteria will readily adhere to a "ripened" pellicle 
(Gibbons and van Houte, 1973; Jenkinson, 1994). In addition to bacteria binding by 
salivary proteins, saliva itself facilitates diffusion of nutrients necessary for growth. 
Proteins such as albumin, glycoproteins, mucin and sialic acid can all function in 
early colonization (Jenkinson, 1994; Jenkinson, 1997). 
Saliva can also affect bacterial adhesion by masking the overall surface energy 
of a given material and negating its surface chemistry (Papaioannou, 2007; Quirynen, 
1995; Radford, 1998). With surface energies levelled between two materials, unless 
receptors for a given bacteria are within the salivary pellicle, bacterial adherence will 
decrease (Quirynen, 1995). Saliva's effect on bacterial adhesion can be species 
dependant, based on a given bacterium's binding pattern (Ahn, 2007). Salivary 
interactions with bacteria that change their adhesion can alter the bacteria's genetic 
expression and the resulting biofilm (Pecharki, 2005). Therefore the patients' bacterial 
composition, along with any factors that could potentially change salivary flow and 
bacterial concentration is of great importance. 
1.6 Streptococcus mutans 
There is substantial evidence indicating a causative relationship between 
dental caries and the Streptococcus mutans (Figure 1.6), with many studies 
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demonstrating that the development of caries is preceded by increased colonization 
with the Mutans streptococci (Hamada and Slade, 1980; Loesche, 1986; Tanzer et al., 
2001). S. mutans (serotypes c, e and f) and S. sobrinus (serotypes d and g) 
are implicated as the primary etiological agents associated with the initiation 
and progression of dental caries (Kristoffersson et al., 1985). These strains are 
facultatively anaerobic, non-motile, Gram positive cocci (van Houte, 1994). These are 
routinely isolated from the mouth of children and adults, suggesting that dental caries 
is the most widespread infectious disease of humans (Taubman and Nash, 2006). 
Other oral bacterial species can also produce acids and thus be cariogenic 
(Carlsson et al., 1975), although the Mutans streptococci possess unique biochemical 
features that render them extremely efficient at developing carious surfaces. 
These include the ability to rapidly produce copious amounts of lactic acid, while at 
the same time tolerating extremes of sugar concentration, ionic strength and pH 
(Hamada and Slade, 1980). S. mutans has been associated with the initiation of 
carious lesions on tooth surfaces, while S. sobrinus is thought to enhance the 
progression of lesions (Law et al., 2007; Marchant et al, 2001). S. mutans has been 
isolated from 95% of children with dental caries and was found to comprise up to 30-
50% of the plaque microbiota in carious lesions (Berkowitz et al., 1984). Further 
evidence implicating the Mutans streptococci in the development of dental caries has 
come from animal studies, in which the development of caries was attributable to the 
presence of 5. mutans (Hamada et al, 2002; Smith and Taubman, 1996). 
Figure 1.6: Microscopic view of Streptococcus mutans (vnvw.sciencephoto.com). 
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1.6.1 Acquisition oi Streptococcus mutans 
It is generally agreed that children acquire S. mutans from their mother or 
primary caregiver and several studies have provided evidence in support of this 
(Berkowitz, 2006; Berkowitz and Jones, 1985). Initial colonization by S. mutans in 
the oral cavity of children has been reported to occur anytime between the ages of 
seven-months to three-years or older (Law et al, 2007). 
One study reported that initial colonization by S. mutans occurs during a 
"window of infectivity" at a mean age of 26 months (Caufield et al., 1993). 
This finding has been reported by others (Alaluusua and Renkonen, 1983; Carlsson 
et al, 1975) and coincides with the eruption of the primary dentition required for 
colonization by S. mutans (Caufield et al., 2000). However, there have also been 
reports of mucosal colonization by 5. mutans in predentate infants (Law et al., 2007; 
Wan et al, 2003). This finding is clinically significant as there is evidence to suggest 
that caries risk increases with the earlier acquisition of S. mutans (Law et al., 2007; 
Nogueira et al., 2008). Moreover, S. mutans colonization has been shown to increase 
with increased age of children (Alaluusua, 1983; Fujiwara et al, 2004). Thus, 
colonization with the Streptococcus mutans is a critical event in the pathogenesis of 
dental caries and represents important targets for therapeutic interventions. 
1.6.2 Streptococcus mutans virulence factors and dental caries 
As the primary agent of caries S. mutans has developed multiple mechanisms 
to colonize tooth surfaces and become numerically significant in the dental biofilm 
(Figure 1.7). Initially, S. mutans must attach to the tooth surfaces. The salivary dental 
pellicle is a thin layer of salivary proteins, lipids and glycoproteins which coats tooth 
surfaces and is the first step in plaque formation (Taubman and Nash, 2006). 
Attachment of S. mutans to the salivary pellicle is mediated via an adhesin known as 
antigen I/II, and S. sobrinus via Spa A and represents an important first step in 
colonization of the tooth surface by the Mutans streptococci (Hajishengallis et al, 
1992; Jenkinson and Lamont, 1997). Next, S. mutans accumulation occurs. This 
process is dependent on the presence of sucrose together with expression of 
glucosyltransferases (Gtfs) and glucan binding proteins (Gbps). S. mutans produces at 
least 3 known Gtfs encoded by the genes gtJB, gtfC and gtJD. These enzymes 
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synthesize extracellular glucan polymers directly from sucrose. GtfB synthesizes 
water-insoluble glucans, while GtfC synthesizes a mixture of water-soluble 
and water-insoluble glucans and GtfD synthesizes a water-soluble glucan 
(Wen et ai, 2010). Each of these glucans is structurally distinct and thus, contributes 
distinct roles in the formation of dental plaque (Bowen and Koo, 2011). As a result 
S. mutans produces large quantities of insoluble-glucans, conversely S. sobrinus 
synthesizes primarily water-soluble glucans. Both S. mutans and S. sobrinus express 
an array of Gbps. These receptor-like proteins are distinct from Gtfs and specifically 
bind to glucans. Gtfs also have glucan-binding domains and so can also function as 
receptors for extracellular glucans. Binding of extracellular glucans by Gtfs and Gbps 
facilitates adhesion of Mutans streptococci to tooth surfaces and constitutes the 
sucrose dependent pathway which is of critical importance in plaque formation and 
development of dental caries (Banas and Vickerman, 2003). 
Figure 1.7: Streptococcus mutans pathogenesis of dental caries. Sequential formation 
of S. mutans biofilms on tooth surfaces, (a) Initial adherence and 
accumulation are mediated by surface antigen l/II and expression of Gtfs 
and Gbps. (b) Subsequent production of water soluble and insoluble 
glucans. (c) In the presence of sucrose, significant accumulations of S. 
mutans produce large quantities of lactic acid, culminating in the 
demineralisation of tooth surfaces and development of dental caries 
(Taubman and Nash, 2006). 
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Thus, through the synthesis of polymeric glucans together with expression of 
Gtfs and Gbps the Mutans streptococci produce an extracellular matrix that provides a 
protective environment in which the Mutans streptococci and other oral bacterial 
species are shielded from the host immune response, mechanical stresses and 
antimicrobial agents (Shemesh et al., 2010). In the final stage, large quantities of 
lactic acid are produced by S. mutans biofilms in the presence of sucrose as a 
metabolic end-product of anaerobic respiration (Banas, 2004). Accumulation of lactic 
acid leads to demoralization of tooth surfaces and eventually leads to dental caries. 
A substantial body of literature supports the importance of the contribution of 
Gtfs and Gbps to caries development. Disruption of the genes encoding Gtfs by 
mutagenesis reduced the amount of glucans produced and the efficiency of sucrose-
dependent adhesion to tooth surfaces and reduced cariogenicity in animal models 
(Tanzer et al., 1974). Another important virulence property of the Mutans streptococci 
is their acidogenicity and acidurance, allowing cariogenic bacteria to tolerate the low 
pH environment generated from the production of acids in the oral cavity, while non-
aciduric species cannot survive (Marcotte and Lavoie, 1998). This ability is derived 
from the presence of ATPase proton pumps which actively transport hydrogen ions 
from the cytoplasm (Dashper and Reynolds, 1992). S. sobrinus has been shown to be 
more acidogenic than S. mutans (Kohler et al, 1995). However, S. sobrinus is 
unable to metabolize N-acetylglucosamine, a component of peptidoglycan which 
consequently inhibits the ability of S. sobrinus to proliferate except in circumstances 
of extreme acidity and in the presence of high sucrose concentrations (Homer et al, 
1993). This is believed to account for the finding that S. sobrinus is recovered only 
from a minority of individuals and is usually found in conjunction with and 
outnumbered by S. mutans. Overall, a high-sucrose (Xiet alters the microbial ecology 
to support the growth of acid producing and acid-tolerant species associated with 
dental caries, such as Mutans streptococci and Lactobacilli spp (Beighton, 2005). 
Thus, the dental biofilm associated with caries is differently distinct from the 
microbial ecology of the healthy oral biofilm (Aas etal., 2008). 
1.7 Role of Streptococcus mutans in Infective Endocarditis (IE) 
IE is a life-threatening bacterial infection of the endocardium, a smooth layer 
of tissue that covers the inside the heart to protect the heart muscles (Beynon et al.. 
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2006; Moreillon and Que, 2004). While virtually any bacterial organism can cause 
bacterial endocarditis, the vast majority of infections are caused by gram positive 
cocci (Moreillon and Que, 2004). The viridans group of streptococci and S. miitans 
are the most common cause of endocarditis involving native heart valves in patients 
with congenital heart disease (Beynon et a/., 2006). Oral streptococci can often cause 
systemic infections including bacteremia following various dental procedures, 
including oral surgery, allowing these organisms to gain access and adhere to 
damaged heart valves, causing IE (Nakano et ai, 2007; Nagata et ai, 2006). It is 
estimated that about 20% of IE cases attributed to viridans streptococci are in fact 
caused by S. mutam (Banas, 2004; UUman et al., 1998). A serotype specific putative 
adhesin, derived from the rhamnose-glucose polysaccharide (RGP), has been 
identified in S. mutans that is thought to be required for attachment to human 
monocytes fibroblasts, and platelets (Chia et al., 2004; Engels-Deutsch, 2003). 
Furthermore, the S. mutans adhesin, Antigen I/II, may play a role in IE since this 
adhesin bind to the extracellular matrix components such as type 1 collagen, 
fibrinogen, fibronectin, and laminin (Beg et ai, 2002). Although the exact role of 5. 
mutans in the pathogenesis of IE is not well understood, the availability of complete 
genome sequence may suggest various surface adhesions in the pathogenesis. 
1.8 Microbial biofilm 
1.8.1 Quorum sensing in Streptococcus mutans 
Quorum sensing (QS) is a process by which bacteria communicate with each 
other. Using QS, bacteria not only sense the population density within their own 
species but also respond to neighboring populations of other species (Podbielski and 
Kreikemeyer, 2004). QS allows the bacteria to modulate gene expression in response 
to external conditions. In general, quorum sensing is regulated by signalling 
molecules that are produced in the cell and transported to extracellular environment 
where they accumulate (Figure 1.8). The concentration of these molecules increases 
with the growth of the bacterial population until it reaches a certain threshold. 
Bacteria are able to sense above threshold levels of signalling molecules and respond 
with up-regulation of a series of regulatory pathways. Gram- negative bacteria 
use acyl-homoserine lactones (AHLs) as quorum sensing-signalling molecules, 
whereas Gram-positive bacteria use predominantly small peptides as inducers 
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(Cvitkovitch, 2011). S. mutans contains two different density dependent signalling 
systems. The first is the intraspecies quorum sensing system encoded by the comCDE 
genes, which regulate the natural competence, biofilm formation, acid tolerance 
and bacteriocin production (Li et al, 2001a; Li et al., 2002b; van der ploeg, 2005). 
The second is the interspecies signalling system mediated by the luxS gene 
(Merritt et al., 2003). 
Unattached cells 
Attachment 
Surface growth 
Attached monolayer 
^A Type IV pili ^C^yT/ Q"°''""i sensing 
Figure 1.8: Diagramatic representation of the biofilm development (Parsek and 
Greenburg, 2000). 
The S. mutans com quorum sensing pathway includes at least two 
loci - comCDE and comAB. The product of comC is a 46-amino acid peptide, whose 
C-terminus harbours the biologically active competence stimulating peptide (CSP), 
21 amino acids in length. The comAB genes encode a secretion apparatus required for 
processing of ComC and export of CSP. ComA consists of an ATP-binding cassette 
transporter, which utilizes ComB as an accessory protein for cleavage of precursor 
CSP behind a Gly-Gly motif and export of CSP (Li et al., 2001). The comDE genes 
encode a two-component signal transduction system comprising a membrane-bound 
histidine kinase (ComD) and the response regulator (ComE). It is believed that when 
CSP reaches a certain threshold, it is detected by the ComD receptor, which 
undergoes phosphoylation at a conserved histidine residue. The phosphate is then 
transferred to the responder protein ComE, which becomes activated and then 
transduces the density-dependent message into cellular responses. It has been shown 
that addition of synthetic CSP to grow cultures of S. mutans increases the 
transformation efficiency, suggesting a role for the comCDE system in the 
development of competence (Li et al, 2001). But as reported in the case of 
S. pneumoniae, there is no evidence that phosphorylated ComE directly activates 
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comX gene, which encodes an alternative sigma factor essential for development of 
genetic competence in Streptococcus /nutans as well. The comCDE genes are located 
upstream, but in the opposite direction of transcription, of the bsmA (also called 
nlmC) was shown to be stimulated by CSP, but abolished in a comDE mutant, which 
suggested that the comDE mutant, which suggested that the comCDE system is 
required for bacteriocins and associated immunity factors were also found to be 
regulated by this system (van der Ploeg, 2005). 
While CSP-mediated signalling is involved in interspecies communication, 
autoinducer-2 (AI-2) molecules mediate interspecies communication. S. mutans 
produces AI-2 molecules in phase of exponential growth (Merritt et al., 2003). 
Autoinducer-2 production is mediated by the luxS gene, since the activity of AI-2 was 
abolished in S.mutans containing a mutation in the luxS gene. At the same time this 
mutation affected resistance to antibiotics, detergent and biofilm architecture when 
bacteria were grown in medium containing sucrose (Merritt et al., 2003). This could 
be an indication that the luxS-medmted signal involved in biofilm formation in 
S. mutans and may confer this bacterium an advantage over other resident bacteria of 
dental plaque. 
1.8.2 Development of the oral biofilm 
Dental plaque is an oral biofilm comprised of a diverse and complex microbial 
community. Recent advances in molecular sequencing methods put this figure at 
closer to 25,000 phylotypes in the global oral human microbiome (Belda-Ferre et al., 
2011). At the moment of birth the oral cavity of the newborn is a sterile environment, 
however, it immediately begins to become colonized by pioneer microbial species, 
which are quick to take advantage of this new environment (Pearce et al., 1995; 
Rotimi and Duerden, 1981). These pioneer organisms attach to the mucosa of the oral 
cavity of the newborn and modify the habitat, creating an environment that supports 
the growth of new microbial species (Liljemark and Bloomquist, 1996). 
Streptococcus salivarius, S. mitis and S. oralis are dominant pioneer 
organisms of the oral mucosa (Kononen et al, 2002). The microorganisms which 
colonize the oral cavity of newborns are thought to be largely derived from the 
primary caregiver, usually the mother (Berkowitz, 2006; Liljemark and Bloomquist, 
1996; Smith et al, 1993; Smith and Taubman, 1992). S. anginosus, S. gordonii and 
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S. mitis are also present in the oral cavity at this time, but at lower levels than the 
aforementioned species (Lucas et al., 2000; Pearce et al., 1995). 
The microbial species that colonize the oral cavity at this time persist and 
become members of the indigenous microbiota and influence the colonization of 
subsequent populations through their metabolic activities (Kononen, 2000). This 
process is influenced by environmental factors and the host immune system. The oral 
biofilm continues to evolve and with the emergence of teeth, new microbial habitats 
are provided with unique characteristics and the oral biofilm continues to increase in 
diversity and complexity (Hardie and Bowden, 1975; Taubman and Nash, 2006). 
Teeth provide unique non-shedding attachment sites for S. sanguinis and later 
Mutans streptococci in addition to numerous other species, including anaerobic 
species belonging to the genus Prevotella, Veillonella and Neisseria and aerobic 
species, such as Actinomyces spp. (Caufield et al., 2000; Liljemark and Bloomquist, 
1996). Anaerobic species are able to survive in the oral cavity through their physical 
interactions with aerobic and facultative anaerobic species that metabolize the 
available oxygen (Kolenbrander, 2000). The anaerobic organism Fusobacterium 
nucleatum is also an early colonizer (<6 months). This organism is important for the 
maturation of oral biofilms. Its ability to co-aggregate with numerous species of the 
oral microbiota enables this organism to bridge the gap between colonization of early 
and late colonizers (Kolenbrander, 2000; Kononen, 2005). This population succession 
continues until all available niches become colonized and the oral biofilm ecology 
becomes relatively stable and is maintained in a state of homeostasis (Marcotte and 
Lavoie, 1998). Disruption of this balance can lead to disease states, such as 
dental caries. 
1.9 The role of other bacterial species in dental caries 
Despite extensive evidence in support of the role of MS streptococci as the 
primary agents of dental caries, a number of studies have documented caries in the 
absence of the Mutans streptococci (Loesche and Straffon, 1979), and in certain cases 
can be detected in the absence of caries (Belda-Ferre et al., 2011). 
A variety of bacterial species can produce acids from carbohydrate 
fermentation in the oral cavity, including non-mutans streptococci such as S. gordonii, 
S. mitis, S. oralis and S. anginosus. 
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These bacterial species outnumber Mutans streptococci and thus could 
contribute to caries initiation (van Houte et al., 1996). A study utilizing 16s DNA 
checkerboard hybridization to quantify numbers of oral bacteria associated with 
health and disease in children identified a strong relationship with S. mutans and 
caries but additionally identified numerous other bacterial species thought to be 
important in caries initiation and progression, including Actinomyces gerensceriae, 
Veillonella spp, S. salivarius, S. constellus, S. parasanguinis and Lactobacillus 
fermentum. A novel species of Bifidobacterium were also associated with deep caries 
lesions (Becker et al., 2002; Babaahmady et al., 1998). These studies highlight the 
complexity of the oral microbial ecology associated with dental caries initiation and 
progression (Figure 1.9). In recent years, the advancement in various techniques has 
allowed investigators to apply a holistic approach to oral microbial ecology in health 
and disease. These studies provide evidence in support of the polymicrobial aetiology 
of dental caries (Alcaraz et al., 2012; Belda- Ferre et al., 2011). 
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Figure 1.9: Bacterial accumulation and multigeneric coaggregation during the 
formation of dental plaque (modified from Kolenbrander et al., 2010). 
1.10 Prevention of Dental Caries 
l.IO.l. Dental Health Education 
The motive of dental health education is to establish good oral hygiene and 
dietary habits. The dental and allied professions have an ethical responsibility to 
inform patients about the disease and how to prevent it. A systematic review has 
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demonstrated that dental health education carried out by a professional is more often 
effective than other types of oral health promotion interventions. The dental and allied 
professionals should carry out dental health education. Consistent preventive 
messages should be reinforced. Dental health education advice should be provided to 
individual patients as this intervention has been shown to be beneficial. 
1.10.1.1 Oral Hygiene 
The value of tooth-brushing in caries prevention lies in the regular topical 
application of fluoride. Toothpastes containing fluoride at 1000-2800 parts per million 
(ppm) have been shown to be effective in preventing dental caries in children aged 
between 6 and 16 years (Chesters et al, 1992) Children who brush twice a day show 
greater benefit than those who brush less frequently. 
1.10.1.2 Diet and Sugar Consumption 
Lowering sugar intake reduces the incidence of caries in children (Lingstrom 
et al, 2003; Mazengo et al., 1996) A Brazilian study has shown that the incidence of 
approximal lesions in 12 years olds can be reduced by diet and oral hygiene training 
(Axelsson et al., 1994). Limiting the ingestion of refined carbohydrate to meal times 
is also widely recommended. The need to restrict sugary food and drink consumption 
to meal times only should be emphasized. 
1.10.2 Tootli Protection 
1.10.2.1 Sealants 
The use of resin pit and fissure sealants has been shown to be an effective 
barrier method of preventing caries in the pits and fissures over a wide range of 
studies in recent decades (Avinash et al., 2010). Improvements in dental 
materials have increased retention and improved technique sensitivity. For optimal 
efficiency, the sealant should be present in all affected pits and fissures. 
The condition of the sealant should be reviewed regularly with fiirther coatings 
added as required. 
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1.10.2.2 Fluoride Tablets 
Fluoride supplements may be considered for children with intractable caries 
risk (Riordon, 1996). It has been reported that additional fluoride supplements 
(Img F, 2.2mg NAF per day) are appropriate for high caries risk children and can be 
used where compliance is likely to be favorable. Fluoride tablets (1 mg Fluoride 
daily) for daily sucking should be considered for children. Ideally, tooth brushing and 
tablet taking should occur at different times to permit the longest possible period for 
topical fluoride uptake from each fluoride source. 
1.10.2.3 Topical Varnishes/Fluoride Solutions 
For children's reliance on the home based use of fluoride toothpaste and 
tablets is deemed to be insufficient, professional application of a fluoride varnish help 
to prevent dental caries. A study in Chandigarh, (India) evaluated the professional 
application of 2% NaF solution, 1.23% acidulated phosphate fluoride solution (APF), 
or 2.26% F Duraphat at six-monthly intervals for 30 months in children aged 6-12 
years. The largest reduction in caries increment was seen with Duraphat (Tewari et 
al., 1991) Correct application according to the manufacture's instruction is important. 
Fluoride concentrations may vary between products and only the recommended 
amount should be used. 
1.10.3 Antibiotics - Chlorhexidine 
A meta-analysis of clinical studies assessing the caries preventive effects of 
chlorhexidine (CHX) have demonstrated that chlorhexidine prophylaxis in the form of 
a rinse, gel or paste can achieve a substantial (average 46%) reduction in caries 
irrespective of application method, frequency, caries risk, caries diagnosis, tooth 
surface, or fluoride regimen (Van Rijkom et al, 1996). Professional flossing with 
chlorhexidine gel has been shown to lead to significant reductions are approximal 
caries. This quick (10 minutes) and effective measure can be used to complement the 
use of sealants in protecting fissures (Gisselsson et al, 1998). In one study, a 
chlorhexidine varnish (e.g. Cervitec, 1%) was shown to be effective in preventing 
fissure caries when applied three times over nine months (Bratthal et al, 1995). As 
disparities in its efficacy against varying subjects have been observed, CHX cannot be 
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regarded as a single line defense for the cure of caries (Twetman, 2004). Other 
antibiotics used till date against 5. mutans include penicillin, methicillin, ampicillin, 
erythromycin, cephalothin and many others (Little et al, 1979). More antibiotics are 
now screened for their effects against oral biofilms (Nguyen, 2005). 
1.10.4 Replacement therapy 
In the post-genomic era, recombinant DNA technology is being used for 
finding an answer to dental caries. The recent word in vogue is replacement therapy. 
Genetic engineering is being used to tailor the effector strain for replacement therapy 
of dental caries, which acts as a vaccine and should not be pathogenic. Moreover, it 
colonizes the niche, thereby preventing colonization and outgrowth of wild type 
strains. Using this approach, a harmless strain is permanently implanted in the host's 
oral flora. Once established, the effector strain competes with the wild-type strain and 
prevents its outgrowth (Hillman, 2002). 
1.10.5 Immunization 
1.10.5.1 Active immunization 
Only a few clinical trials have been performed in this field. When humans are 
immunized with glucosyl-transferases from S. mutans or S. sobrinus, there is a 
formation of the salivary Ig A antibody at modest levels. Enteric coated capsules with 
crude S. mutans GS-5 GTF antigen preparations which were contained in lipososmes, 
orally immunized some adults (Jones et al, 1987). A mucosal immunization with 
GTF influenced the re-emergence of S. mutans in young adults after a dental 
prophylaxis (Smith et al, 1994; Haas et al, 1997). A topical administration showed a 
delay in the emergence of 5. mutans when GTF was applied to the lower lip. 
1.10.5.2 Passive immunization 
When mouse monoclonal IgA or the transgenic plant secretory 
IgA/G antibody was topically applied (Katz et al, 1993; Childers et al, 1994), 
recolonization of the mutans Streptococci did not occur at least for two years after the 
treatment. Monoclonal antibodies, in the secretary form, are more effective; 
because they have increased survival times in the oral cavity as compared to IgA 
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(Childers et al, 1994). Young children who are not with 5'. mutans during the window 
of infectivity remain undetectable infected for several years (Puce et al., 9S7, 
Inou et ah, 1998). The niche in the dental biofilm was fdled with other indigenous 
flora. Experimentally, this could be achieved with the use of the antibody to GIF or 
GbpB (Smith et al., 2001). Initially, oral route was used but it was not effective due 
to the detrimental effects of the stomach acidity on the antigen and as the inductive 
sites were far away. The intranasal route targets the nasal associated lymphoid tissues 
(Smith and Taubman, 1990). With the S. mutans antigen, Agl/II and the glucan 
binding domain of S. mutans, GTF- Bl l , a protection could be demonstrated. 
The tonsillar vaccine can induce an IgA response. The tonsillar application ot a 
particular antigen can induce IgA production in both the major and minor salivary 
glands of rabbits (Honda et al, 1990). A labial application of GTF on the minor 
salivary glands resulted in a lower proportion of indigenous Streptococci/total 
Streptococcal flora in the whole saliva in next 6 week period (Haas et al., 1997). 
The rectal route remotely induces salivary IgA responses to the S. mutans antigen 
such as GTF. The Cholera and E. coli heat liable enterotoxins, liposomes, 
microparticles and macroparticles act as adjuvants and help in delivering the dental 
caries vaccine (Hajishengallis et al., 1992). 
1.10.6 Natural Products- Medicinal herbs 
Using natural products has many benefits. They are readily available and have 
consumer appeal because a "natural product" or "natural extract" is preferred o>'er a 
"drug". Also the process by which substance is harvested is usually less costly than 
synthesizing it and most extracts of natural materials are often more easily introduced 
to the market. The antimicrobial efficacy attributed to some plants in treating 
diseases has been beyond belief. On account of their popular use as remedies tor 
many infectious diseases, searches for plants containing antimicrobial substances 
are frequent (Betoni et al., 2006). Plants are rich in a wide variety of secondary 
metabolites such as tannins, alkaloids and flavonoids, which have been found in ntro 
to have antimicrobial properties (Lewis and Ausbel, 2006). A number of phytotherapy 
manuals have mentioned various medicinal plants for treating infectious diseases due 
to their availability, fewer side effects and reduced toxicity (Lee et al, 2(i07). 
There are several reports on the antimicrobial activity of different herbal extiacts 
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(Islam B et al., 2008; de Boer et al., 2005; Bonjar, 2004). Many plants have been 
found to cure urinary tract infections, gastrointestinal disorders, respiratory diseases 
and cutaneous infections (Somchit et al., 2003; Brantner and Grein, 1994). 
The antibacterial activity of the essential oil as well as eugenol purified from Ocimum 
gratissimum to treat pneumonia, diarrhea and conjunctivitis have also been reported 
earlier (Nakamura et al., 1999). According to the WHO, medicinal plants would be 
the best source for obtaining a variety of drugs (Santos et al., 1995). These evidences 
contribute to support and quantify the importance of screening natural products. 
Medicinal plants are natural resources, to obtain valuable products which can be used 
in the treatment of various ailments. Plant materials remain an important resource for 
combating illnesses, including infectious diseases, and many of the plants have been 
investigated for novel drugs for the development of new therapeutic agents 
(Betoni et al, 2006) Table 1.2. 
Table 1.2: Medicinal plants used against Streptococcus mutans m the treatment of 
various ailments (Singh et al, 2007). 
Common 
name 
Aswagandha 
Bael/Bilva 
Bhumi Amla 
Brahmi 
Chiraita 
Gudmar 
Guluchi 
Calihari 
Botanical Name 
Withania Somnifera 
Aegle marmelous 
Phyllanthous amarus 
Bacopa, Monnieri 
Swertia Chiraita 
Gymnema Sylvestre 
Tinospora Cordifolia 
Gloriosa superb 
Parts Used 
Root, Leafs 
Fruit, Bark 
Whole Plant 
Whole plant 
Whole Plant 
Leaves 
Stem 
Seed, tuber 
Medicinal Use 
Restorative Tonic, stress, 
nerves disorder, 
aphrodiasiac. 
Diarrrhoea, Dysentry, 
Constipation. 
Aenimic, jaundice. 
Nervous, Memory 
enhancer,mental disorder. 
Skin Desease, Burning, 
censation, fever. 
Diabetes, hydrocil, 
Asthama. 
Gout, Pile, general 
debility, fever. Jaundice. 
Skin Desease, Labour 
pain. Abortion, General 
debility. 
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Kalmegh/ 
Bhui neem 
Long peeper 
Makoi 
Pashan 
Bheda 
Sandal Wood 
Satavari 
Senna 
Tulsi 
Pippermint 
Henna/Mehdi 
Gritkumari 
Sada Bahar 
Harida 
Neem 
Anantamool 
Dalchini 
Andrographis 
Paniculata 
Peeper longum 
Solarium nigrum 
Coleus barbatus 
Santalum Album 
Asparagus 
Racemosus 
Casta augustifolia 
Ocimum sanclum 
Mentha pipertia 
Lawsennia iermis 
Aloe Verra 
Vincea rosea 
Terminalia Chebula 
Azadirachta indica 
Hemibi smus Indicus 
Asclepiadacea 
Cinnamomum 
Zeylanicum 
Fam : Lauraceae 
Whole Plant 
Fruit, Root 
Fruit/whole 
plant 
Root 
Heart wood, 
oil 
Tuber, root 
Dry Tubers 
Leaves/Seed 
Leaves, 
Flower, Oil 
Leaf, Flower, 
Seed 
Leaves 
Whole Plant 
Seed 
Rhizome 
Root/ Leaf 
Bark, Oil 
Fever, weakness, release 
of gas. 
Appetizer, enlarged 
spleen, Bronchities 
Dropsy, General debility. 
Diuretic, anti dysenteric. 
Kidny stone. Calculus 
Skin disorder, Burning, 
sensation. Jaundice, 
Cough. 
Enhance lactation, 
general weekness, 
fatigue, cough. 
Rheumatism, general 
debility tonic, 
aphrodisiac. 
Cough, Cold, 
bronchitis,expectoranG. 
Digestive, Pain killer. 
Burning, Steam, Anti 
Imflamatary. 
Laxative, Wound healmg, 
Skin bums & care,Ulcer, 
Leaukamia, Hypotensiv. 
Antispasmodic, Atidot. 
Trifala, wound ulcer, 
leprosy, inflammation. 
Cough. 
Sdedative, analgesic 
Appetiser, Carminative;, 
aphrodisiac. Astringent. 
Bronchitis, Asthma, 
Cardiac, Disorder, Fever. 
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1.10.6.1 Plant-Based Medicines 
Medicinal plants have been used as traditional treatments for numerous human 
diseases for thousands of years in many parts of the world. In rural areas of the 
developing countries, they continue to be used as the primary source of medicine. 
About 80% of the people in developing countries use traditional medicines for their 
health care (Kim, 2008). The natural products derived from medicinal plants have 
proven to be an abundant source of biologically active compounds, many of which 
have been the basis for the development of new lead chemicals for pharmaceuticals. 
With respect to diseases caused by microorganisms, the increasing resistance in many 
common pathogens to currently used therapeutic agents such as antibiotics and 
antiviral agents, has led a renewed interest in the discovery of novel anti-infective 
compounds. As there are approximately 500 000 plant species occurring worldwide, 
of which only 1% has been phytochemically investigated, there is great potential for 
discovering novel bioactive compounds. There have been numerous reports on the use 
of traditional plants and natural products for the treatment of oral diseases. Many 
plant-derived medicines used in traditional medicinal systems have been recorded in 
pharmacopeias as agents used to treat infections and a number of these have been 
recently investigated for their efficacy against oral microbial pathogens (Kalemba and 
Kunicka, 2003). Traditional medicinal plant extracts or phytochemicals that have been 
shown to inhibit the growth of oral pathogens, reduce the development of dental 
plaque, influence the adhesion of bacteria to surfaces and reduce the symptoms of oral 
diseases are given in Table 1.3. 
Table 1.3: Plants exhibiting anticariogenic activity (Ferrazzano et ai, 2011). 
Plant 
Artocarpus 
heterophyllus 
Sophora exigua 
Erythrina 
variegata 
Morus alba 
Phytochemical 
Artocarpin and 
Artocarpesin 
5,7,2',4'-tetrahydroxy-8-
lavandulylflavanone 
erycristagallin-
isoflavonoids 
kuwanon G 
Activity 
S. mutans and other oral Streptococci, 
Actinomyces and Lactobacilli 
numerous cariogenic bacteria 
inhibit the growth of cariogenic oral 
bacteria 
S. mutans 
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Kaempferia 
pandurate 
Cornelia 
sinensis 
Humulus 
lupulus 
Fragaria 
ananassa 
C. rhizoma 
Curcuma 
xanthorrhiza 
Sagittaria 
sagittifolia 
Psoralea 
corylifolia 
Psidium 
guajava 
Alcea 
longipedicellata 
Myristica 
fragrans 
isopanduratin A 
epicatechin, epicatechin 
gallate and 
epigallocatechin gallate 
Xanthohumol and thymol 
Xylitol 
Berberine 
Xanthorrhizol 
sagittine A 
Bakuchiol 
Guaijaverin 
Malvidin-3,5-diglucoside 
Macelignan 
S. mutans 
S. mutans 
S. mutans, S. saliviarius and 
S. sanguis 
S. mutans, S. saliviarius and 
S. sanguis 
A. actinomycetemcomitans, 
P. gingivalis, Lactobacillus and 
Streptococcus species 
activity against oral pathogens 
S. mutans and Actinomyces 
against numerous Gram-positive and 
Gram-negative oral bacteria 
S. mitis, S. sanguinis and 
Actinomyces 
oral streptococci 
antibiofilm S. mutans 
1.10.6.2 Evaluation of medicinal plant products employed to treat oral diseases 
Of all oral diseases, the incidence of those that have a microbial aetiology is 
greatest in all parts of the world. A number of traditional medicinal plants have been 
evaluated for their potential application in the prevention or treatment of oral diseases 
(Table 1.4). Numerous studies have investigated the activity of plant extracts 
and products against specific oral pathogens, while others have focused on the 
ability of the products to inhibit the formation of dental biofilms by reducing the 
adhesion of microbial pathogens to the tooth surface, which is a primary event in the 
formation of dental plaque and the progression to tooth decay and periodontal 
diseases (Steinberg, 2000). 
29 
(Review of Literature 
Table 1.4: List of plants most commonly used in the treatment of oral problems 
(de Paula e/fl/., 2012). 
Plant 
Ipomoea batatas 
Plantago lanceolata 
Altermanthera brasillana 
Arnica Montana 
Mentha piperita 
Peumus boldus 
Mimosa pudica 
Oral Problem 
Pain, inflammation, infection, swelling 
Pain, inflammation, swelling 
Pain 
Pain, infection 
Pain 
Infection 
Pain and inflammation 
1.11 Expression of genes associated with virulence of Streptococcus mutans 
Many processes occurring in bacterial biofilms cannot be studied by 
quantifying the number and vitality of bacteria, determining the morphology of the 
biofilm or by determining the pH of the surrounding environment. However, some of 
these processes can be investigated by studying bacteria at the genetic level. Genes 
involved in biofilm formation and other virulent traits can be investigated with the 
help of quantitative RT-PCR analysis. This method can quantify the expression level 
of selected genes in control and treated samples as genes that are expressed will cause 
the corresponding region of the array to fluoresce in proportion to the original amount 
of RNA (Schena et al., 1995). This can provide data to indicate how expression of 
certain genes responds to different treatments. This differential gene expression 
associated with biofilms has two facets: those genes that are necessary or responsible 
for biofilm formation, and those that are up- or down-regulated upon biofilm 
formation (Jefferson, 2004). It is likely that many of these genetic mechanisms are 
highly influenced by growth conditions and nutrient availability, allowing for multiple 
pathways within a species (Beloin and Ghigo, 2005, OToole, 2003). For example, 
both the ComCDE system and the VicRKX (CovRS) two-component signalling 
systems in S. mutans have both been shown to be vital for biofilm formation 
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(Senadheera et al., 2007; Senadheera et al, 2005; Li et al, 2003; Tremblay e' uL. 
2009; Chong et al, 2008). There are ComCDE homologs in other oral streptococcal 
species such as S. intermedius, S. gordonii, and S. anginosus, which promote bicfilm 
formation (Senadheera and Cvitkovitch, 2008). Other Gram-positive species have 
similar systems that have been shown to be involved in biofilm development, such as 
the AgrBCDA system in S. aureus which has been shown to be most commonly 
involved with release of cells from a biofilm (Yarwood et al, 2004). Generally gram-
positive quorum sensing systems rely on signal peptides. From unique signais to 
complex genetic pathways, bacterial species have evolved intricate mechanisms to 
regulate biofilm formation (O'Toole, 2003; Davies et al, 1998; Pesci and Iglewski, 
1997; Swift e/a/., 1994). 
The complexity of biofilm formation is revealed in studies that compare gene 
expression of biofilm grown bacterial with gene expression of bacteria in the 
planktonic state. Furthermore, even within single species biofilms there is a great deal 
of heterogeneity of gene expression among the bacteria that populate the biofilm. 
Biofilm structure causes diffusion limitation leading to variable nutrient, local pH, 
and oxygen tension levels which in turn lead to a variety of metabolic states among 
the biofilm cells (Jefferson, 2004). It is thought that quorum sensing signals play an 
important role in regulating gene expression in biofilms due to the close proximity of 
the cells. Global gene expression experiments have yielded a wide variety of genes 
that are up- or down regulated in biofilm bacteria. These include genes associated 
with metabolism, adhesion, and stress response, as well as quorum sensing genes 
(O'Toole et al, 2000; Shemesh et al, 2008; Motegi, 2006). Attachment of bacteria to 
a surface and biofilm formation can also be influenced by the physical properties of 
that surface. Due to increased surface area and decreased sheering forces, a rougher 
surface generally leads to greater bacterial colonization (Donlan, 2002; Characklis, 
1990). Also, the net charge of a surface as well as the hydrophobicity can influence 
the composition of adherent bacteria and the efficiency of adsorption (Fletcher and 
Loeb, 1979). In almost all natural aqueous environments solid surfaces become 
rapidly coated with a film consisting of adsorbed macromolecules and other 
hydrophobic molecules from the medium. This conditioning film can alter the surface 
charge, or hydrophobicity of the substratum. While in some instances the conditioning 
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film can inhibit bacterial adhesion, it can also provide ligands for bacterial adhesins 
(Lejeune, 2003, Characklis and Marshall 1990; Davey and O'toole, 2000). 
1.12 Plant and plant based compound used in our study 
Syzygium aromaticum commonly known as clove is used as a spice to add 
flavor to exotic food preparations. It was used by the traditional healers since 
ancient times to treat respiratory and digestive ailments. 5'. aromaticum 
possesses antiseptic and antibiotic properties and thus is used in the treatment of 
toothache and as an ingredient in toothpastes and mouthwashes preparation 
(Das, 2004). Syzigium aromaticum (clove) has long been recognized as safe and used 
in foods, beverages and tooth pastes. Its antioxidant activity has been found 
comparable to that of the natural antioxidant, vitamin E (Prashar et al., 2006). Unlike 
chlorhexidine, our result shows that extracts of S. aromaticum exhibited no toxic 
effects in vivo. S. aromaticum has advantages over chlorhexidine because it is 
composed of several substances that may have different interactions with the bacterial 
cell, reducing the virulence of 5. mutans. 
Eugenol, a terpene, is a major component of the essential oils expressed from 
the buds of cloves (Syzgium aromaticum), is known as a safe natural product. Apart 
from being used as a flavoring agent for foods and component in curative dentistry 
and also reported to have in vitro activity against fungal biofilms (Burt, 2004). It is 
also reported to have strong acaricidal activity (Fichi et al., 2007), anthelmintic 
property (Balch and Balch, 2000) and anti-inflammatory effect (Dip et al., 2004). Its 
antibacterial effects were observed by Dorai and Aggarwal (2004). 
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1.13 Aims and Objectives of the study 
In view of the present background we initiated our study with the following 
aims and objectives: 
• An in vitro as well as in vivo study to evaluate the effect of the selected plant 
extract, its active fractions on the virulence properties oi Streptococcus mutans. 
• To evaluate the effect of plant based compounds (eugenol) on the cariogenic 
properties of Streptococcus mutans to develop an alternative approach to control 
dental caries. 
• To identify the expression pattern of genes involved in biofilm formation and 
quorum sensing in the presence of medicinal plant extracts and plant based 
compounds. 
• To determine the change in the expression profile of clinical and mutant stiains 
of Streptococcus mutans defective in biofilm formation which may contribute to 
the understanding of regulatory genes in oral biofilms. 
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chapter II 
2. MATERALS AND METHODS 
2.1. Materials 
2.1.1 Culture media 
All types of culture media used for isolation and identification of the 
organisms were purchased from Hi-Media, Pvt. Ltd. Mumbai, India. 
Agar agar 
Brain-Heart Infusion Broth 
Mitis Salivarius Agar 
Nutrient broth 
Yeast Peptone Dextrose Broth 
2.1.2 Sterilisation of growth media and models 
Bacteriological growth media and solutions were sterilised in an autoclave at 
121°Cforl5min(lKg/cm^). 
2.1.3 Chemicals/reagents used 
Agarose SRL, India 
Acrylamide „ 
Ammonium sulfate „ 
Ammonium persulfate „ 
CaCl2 
Chloroform „ 
Copper sulfate „ 
CTAB SRL, India 
Folin's reagent „ 
Glycerol „ 
Hydrochloric acid 
Isoamyl alcohol „ 
Isopropanol 
MgCl2 
N,N'-methylene-bis-acrylamide 
Sodium acetate 
Sodium Dodecyl sulfate 
•04 
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P-mercaptoethanol 
Eugenol 
TRI-Reagent 
Bovine serum albumin 
Ethidium bromide 
Glutaraldehye-SEM grade 
Nitrocellulose membrane 
RNase 
Taq DNA polymerase with 1 OX 
buffer containing 15 mM MgCla 
TEMED 
Bromophenol blue 
Cotton swab 
SDS 
Dibasic sodium phosphate 
Ethanol 
Glacial acetic acid 
Monobasic sodium phosphate 
Sodium hydroxide 
Tris-saturated Phenol 
Crystal Violet 
EDTA 
Formaldehyde 
Glycine 
Sodium carbonate 
Sodium chloride 
Sodium potassium tartarate 
12-well microtitre plates 
96-welI microtitre plates 
Glass coverslips 
0.45 [im filter 
Sigma Chemicals, USA 
Sigma-Aldrich, St. Louis, MO, USA 
Hi-Media, India 
Merck, India 
Genei-Bangalore, India 
Qualigens Fine Chemicals, Mumbai 
Axiva, India 
Millipore, USA 
SYBR Green PCR Master Mix Applied Biosystems 
Polyclonal antibody against Agl/II raised in rabbit was a kind gift from Prof. 
M.W. Russell, State University of New York at Buffalo, USA. 
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2.2. Methods 
2.2.1 Ethical Consideration 
This study was approved reviewed and received ethical approval yy the 
Institutional Ethical Committee, Aligarh Muslim University under registration 
number 332/CPCSEA. 
2.2.2 Bacterial test strains and culture conditions 
The microbial strain of 5. /nutans MTCC 497 was routinely grown at 37 °C in 
Brain Heart Infusion (BHI) Broth (Himedia Labs, Mumbai, India) containing 0.25% 
sucrose as carbon source. The density of microorganism was adjusted per McFirland 
0.5 standard for the experiments. 
2.2.2.1 Mutant strains 
Previously, in our lab the mutants from MTCC 497 strain of S. mutans u ere 
generated by the method of Murchinson et al, (1982). Briefly, 1 ml of oveiiight 
grown cultures (OD~0. 6-0.8) of S. mutans was added to 20 ml of fresh BHI and 
incubated further at 37 °C for 2 h. EMS at a concentration of 15 ^1/ml was added and 
vortexed to dissolve. Culture was fiirther incubated for 2 h and the cells were then 
pelleted out. Washing was done with sterile 10 mM PBS, pH 7.2. The cells were 
added to 200 ml of TSB with 0.25% sucrose and incubated for 24 h at 37 °C. 10 ml of 
this culture was added to fresh 200 ml of TSB with 0.25% sucrose. Again, after 
growth for 24 h, 10 ml of this culture was inoculated into fresh 200 ml of TSB with 
0.25% sucrose. The mutagenized culture was passaged four times in similar ^vays. 
Finally, cells from the last culture were plated on the MS agar plate after appropriate 
dilutions. Plates were incubated for 48 h at 37 °C in candle jar incubation. Some of 
the cells on the plates showed different visible morphology than the wild type and 
were selected and inoculated with 10 ml of fresh BHI. 
2.2.2.2 Clinical strains 
The clinical samples were collected from the Department of Conservative 
Dentistry, Dental College, AMU, Aligarh, India. This study was approved by the 
Institutional Ethical Committee, Aligarh Muslim University (registration number 
332/CPCSEA). The strains of S. mutans were grown in a C02-rich environment 
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provided by candle jar incubation. The isolates were confirmed by PCR amplification 
for conserved regions as described by the method of Yano et al., (2002) to confirm of 
S. mutans. All the strains of bacteria were routinely grown on BHI broth. Agar up to 
1.5% was added to BHI or TSB liquid medium before sterilization to obtain solid 
media for plating. Sucrose up to a final concentration of 0.25% was added to the 
liquid medium before sterilization to obtain sucrose-dependent media. The cultures 
were stored at -80 °C in BHI containing 25%) glycerol. 
2.2.3 Genomic DNA isolation from the S. mutans 
DNA isolation from S. mutans was done by the genomic DNA isolation 
method of Sambrook et al, 2001 with slight modifications. Briefly 1.5 ml of S. 
mutans culture was centrifiiged (0D~ 0.5-0.6) at 10,000g, pouring out supernatant 
and leaving behind ±25 ^1 of liquid. The bacterial suspension was then vortexed and 
700 ^1 of extraction buffer was added with proteinase K. After thorough mixing, it 
was incubated at 65 °C for 30 min for lysis. The lysed bacterial cells were 
centrifiiged at 10,000 g for removal of debris. To the clear lysate 650 ]x\ of CIA 
(50:1:: chloroform: isoamyl alcohol) was added. It was vortexed to form an emulsion 
and then centrifiiged at 12,000 g for 7 min. The clear supernatant was then transferred 
to a new eppendorf and 200 \i\ of extraction buffer (without proteinase K) and 650 |j,l 
of the CIA was added to it. It was then centrifiiged at 12,000 g for 7 min. The 
supernatant was transferred to a clean eppendorf tube and 650 \x\ of the CIA was 
added and centrifiiged at 12,000 g for 7 min. The supernatant was transferred to a 
clean eppendorf tube and 1 volume of isopropanol was added. The tubes were 
flickered for complete precipitation of DNA. The DNA was recovered by 
centrifugation at 4 "C for 10 min in an eppendorf tube at 10,000 g. The isopropanol 
was then poured off without dislodging the DNA pellet. The pellet was then rinsed 
twice with 70%) ethanol and then left to dry at room temperature. It was dissolved in 
30 ^1 TE buffer with 10 i^g/ml of RNase and incubated at 37 °C for 30 min. The 
dissolved DNA was then checked for its purity on 0.8%) agarose gel. 
2.2.4 PCR based confirmation oiS, mutans 
The forward primer 5'-AGCCATGCGCAATCAACAGGTT-3' and reverse 
primer 5'-CGCAACGCGAACATCTTGATCAG-3' were used at a concentrafion of 
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0.4 ^M. Each reaction tube contained 25 i^l of reaction mixture, including 1.5 units of 
Taq polymerase, 2 ^l dNTP mix containing 10 mM of each dNTPs and 1 |ag DNA in 
a PCR buffer containing 1.5 mM MgCl2. The PCR program was 5 min of initial 
denaturation at 95 "C followed by 35 cycles of 15 s at 94 °C for dentauration, 30 s at 
68 °C for annealing and 1 min for elongation at 72 °C and a final elongation ai 72 °C 
for 10 min. The PCR product analyzed on a 2% Ix TAE agarose gel with 0.5 mg/ml 
of ethidium bromide. 
2.2.5 Collection and identification of plant materials 
Buds of Syzygium aromaticum were purchased from the local mar<et of 
Aligarh, India. The taxonomic identities were confirmed by Prof. Wajahat Husain, 
Taxonomist, ex-chairman of the Department of Botany, AMU. The plant materials 
were washed under running tap water, air dried and then homogenized to fine pou der 
and stored in airtight bottles. 
2.2.6 Preparation of extracts 
The powders were refluxed with absolute ethanol for six hours. Successive 
extraction of these powders was also done with the help of Soxhlet apparatus in 
different solvents with increasing order of polarity of the solvent. The solvents 
included petroleum ether, diethyl ether, chloroform, ethyl acetate, acetone, ethanol 
and methanol. The solvents were evaporated at a constant temperature of 60 °C until a 
very concentrated extract was obtained. Identification tests for the various chemicals 
were conducted to test the presence of different chemical constituents. 
2.2.7 Agar diffusion assay 
The extracts were tested for antimicrobial activity using agar diffusion on solid 
media. Soyabean Casein Digest Agar (TSB) was used for S. mutans. The solid agar 
was punched with 7mm diameter wells. The inoculums (1.5x10^ CFU/ml) were 
spread on their respective agar plates using sterile swabs and then filled with different 
volumes of extracts (upto 100 |il). The plates were then incubated at 37 °C for 24 h. 
After incubation, zone of growth inhibition for each extract was measured 
(Cwalae?a/.,2011). 
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2.2.8 Determination of minimum inhibitory concentration and minimum 
bactericidal concentration 
The minimum inhibitory concentration (MIC) and the minimum bactericidal 
concentration (MBC) were determined using a broth microdilution method. Stock 
standard solutions at 20 mg/ml in ethanol were prepared for all the fractions. Working 
solutions were prepared by dilution in microtitre plates. Ethanol (50 jxl) was used as 
control and did not show any inhibitory activity. The bacterial suspensions were 
added in the wells at the concentration of 10^-10^ CFU/ml. Each inoculum was 
prepared in its respective medium and density was adjusted to 0.5 McFarland standard 
o 
(10 CFU/ml) and diluted in 1:100 for the broth microdilution procedure. The plates 
were incubated aerobically at 37 °C for 24 h. To confirm MIC and establish MBC, 
15\iL of broth was removed from each well and inoculated on nutrient agar. After 
aerobic incubation at 37 °C overnight, the highest dilution that yielded no bacterial 
growth on solid medium was taken at MBC. Each experiment was performed in 
triplicate. 
2.2.9 Saliva Collection 
Saliva was collected from healthy individual persons, who was refrained from 
eating and tooth brushing for 2 h prior to collection. The saliva was pooled and 
centrifuged at 8000g for 10 min and the supernatant obtained was stored at -20 °C. 
The saliva (100|xl) was added to each well of the cell culture plate (96 wells) with 
coating buffer (I00|xl) and incubated at 4 °C for 2 h to coat the wells with salivary 
pellicles. After incubation wells were decanted and rinsed twice with 100 ^l of TSBC 
buffer (5mmol 1"' CaCb, 150mmol l ' NaCl, 10 mmol l"' Tris-HCL, pH 7.6) prior to 
the addition of bacterial suspension described below for biofilm formation. 
2.2.10 Adherence to saliva coated glass surfaces 
The effect of plant extracts or pure compound on adherence was studied as 
inhibition of adhering cells on a glass surface (Islam et al, 2008). BHI broth 
containing 0.25% (w/v) sucrose and plant extracts or pure compound (the final 
concentrations ranged from 4.88-78.12 )ng/ml) or ethanol 95% (1% v/v) was 
inoculated with an overnight culture of S. mutans. All tubes were incubated at 37 °C 
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for 24 h at an angle of 30°. After incubation, the tubes were then gently rotated and 
the planktonic cells were decanted. The adhered cells were removed by 0.5 M sodium 
hydroxide and estimated spectrophotometrically at 600 nm. All determinations were 
performed in triplicates, using the untreated BHI medium as growth control. 
Percentage adherence = 
OD of adhered cells , „ „ 
X 100 OD of adhered cells + OD of supernatant cells 
2.2.11 Saliva coated biofilm assay 
Biofilm assay was done using polystyrene 96-well (flat-bottom) cell culture 
clusters (Wen et al., 2005). Overnight culture of S. mutans was transferred to 
prewarmed BHI and grown at 37 °C under anaerobic condition to the mid-exponential 
phase (ODeoo = 10). The cultures were then diluted 1:100 in prewarmed media. 
The wells were first coated with salivary preparations (as described above) before the 
addition of cell suspensions. The coated plates were again incubated at 37 °C tor 2 h 
with gentle shaking, washed three times with PBS and air dried immediately t)r 30 
min. 200 ^1 of the cell suspensions was inoculated into the wells with different 
concentrations of the compounds. Chlorhexidine was used as the positive control, 
medium without the compound as the non-treated control and the medium alone as 
the blank control. After inoculation, all plates were incubated at 37 °C for 24 \. The 
culture medium was then decanted, and the plates were gently washed twice with 200 
1^1 sterile distilled water to remove planktonic and loosely bound cells. The adherent 
bacteria were stained with 50 fxl of 0.1% crystal violet for 15 min. After rinsing twice 
with 200 ^1 of water, the bound dye was extracted from the stained cells using 200 i^l 
of 99% ethanol. Biofilm formation was then quantified by measuring the absorbance 
of the solution at 600 nm in a spectrophotometer (BIORAD iMark TM Microplate 
reader, India). 
2.2.12 Effect on acid production 
The effect of plant extracts or pure compound in acid production of 5. mutans 
was determined as Ciardi et al, (1981). Different concentration of the extract and 
active fraction was added to 10 ml of the BHI broth containing 0.25% (w/v) sucrose 
which was inoculated with 0.1 ml of the seed culture of S. mutans (1.5x10'*). The 
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cultures were incubated at 37 °C for 24 h, and the pH of the cultures was recorded by 
using a pH meter. All experiments were performed in triplicates. 
2.2.13 Cell-surface hydrophobicity 
For cell-surface hydrophobicity, cells grown in BHI medium with different 
concentration of plant extracts or pure compound were washed twice and suspended 
in sterile saline (0.85%) so that their optical density was 0.3 at 600 nm. The cell 
suspension (3.0 ml) was placed in the tubes and 0.25 ml of toluene was added. The 
tubes were agitated uniformly in a vortex mixer for 2 min and allowed to equilibrate 
at room temperature for 10 min. After toluene phase had been separated from the 
aqueous phase, the OD of the aqueous phase was determined spectrophotometrically 
at 600 nm. Controls consisted of cells incubated with or without 1.0% (v/v) ethanol 
95%. S. mutans with a hydrophobic index greater than 70% was arbitrarily classified 
as hydrophobic (Martin et al, 1989). 
Percent hydrophobbity = Initial OD-Final OD 
Initial OD 
xlOO 
2.2.14.1 Inhibition of water-insoluble glucan synthesis 
The assay and preparation of crude GTFase were based on the methods by 
Koo et al, (2000) with slight modifications. The cell-free enzymes were precipitated 
from culture supernatant of S. mutans by adding solid ammonium sulfate to 70% 
saturation. The mixture was stirred at 4 °C for 1 h and allowed to stand for 1 h in the 
cold. The precipitate was collected by centrifugation (12,000 g, 20 min), dissolved in 
a small volume of 20 mM phosphate buffer (pH 6.8), and then dialyzed against 20 
mM phosphate buffer (pH 6.8) at 4 °C for 24 h. The crude enzymatic preparation was 
stored at -70 °C and used for synthesis of water-insoluble glucan. A reaction mixture 
consisting of 0.25 ml of crude enzyme, varying the concentration of the compound 
(4.88 - 78.12 ^g/ml) in 20 mM phosphate buffer (pH 6.8) containing 0.25 ml of 0.4 
M sucrose was incubated at 37 °C for 18 h. After incubation, the fluid was removed, 
and the tube contents were washed with sterile water. Total amounts of water-
insoluble glucan were measured by the phenol-sulfuric acid method (Dubois et a/., 
1956). Three replicates were made for each concentration of the test compound. 
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2.2.15 Effect on growth of sub-minimum inhibitory concentration 
The plant extracts or pure compound was tested for their effect on the growth 
of 5. mutans at sub-MIC concentrations. Overnight broth cultures of 5. mutmis were 
inoculated into the tubes to obtain a final inoculum of 1.5x10"* CFU/ml followed by 
the addition of the compound and incubated at 37 °C. Absorbance of the culture at 
630 nm was measured every hour throughout the incubation period of 24 h. 
All determinations were performed as triplicates along with growth controls. 
2.2.16 Toxicity studies of plant extract 
Acute oral toxicity of S. aromaticum was evaluated according to the 
Organization for Economic and Cooperation Development (OECD) guidelines (2001) 
for testing plant extract. A limit test (5000 mg/kg body weight) was carried out using 
five male wistar rats (90-110 g) in all the three groups. All the animals were observed 
for behavioral changes and mortality till the 14th day after administration of the dose. 
2.2.17 Hemolytic assay 
Hemolytic assay was performed to see the effect of pure compound on human 
erythrocytes (Wei and Bobek 2004). Chlorohexidine was taken as positive control. 
This study was approved by the Institutional Ethical Conmiittee, Aligarh Muslim 
University. The percentage of hemolysis was calculated by: 
%Hemolysis = 
"1 A . , „of tested compound (or CHX) - treted samp le - A. ,„of buffer treated samp le' 
— i j y 4M) ^ J QQ 
A „of triton X100 - treated sample - A450 of buffer treated sample 
2.2.18 ELISA 
The total cellular protein from S. mutans was conjugated rabbit anti-Ag I/Il to 
compare and calculate the levels of Ag I/II protein. The amount of protein Ag I/II 
from control and treated samples was calculated. 10 mg of total protein prepared from 
the treated (with plant extract or pure compound) and untreated (control) S. mutans 
was dissolved in 100 ml of 20 mM carbonate buffer (pH 9.3) and coated on 
polystyrene plates. The plates were washed with PBS-Tween and then blocking was 
done with 5% skimmed milk in bicarbonate buffer. The plates were washed with 
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PBS-T thrice and then incubated with rabbit polyclonal Ag I/II antibody for 2 hours at 
37 °C. The plates were again washed thrice with PBS and incubated for 2 h with 100 
ml of anti-rabbit peroxidase coated antibody, dilutions ranging from 1:100 to 
1:1000000. The plates were washed thrice with PBS and the 50 ml of TMB (3, 39, 5, 
59- tetramethylbenzidine). The reaction was stopped immediately after the appearance 
of color using 50 ml of 4 N H2SO4 (Hasan et al, 2012). The absorbance was taken at 
490 nm by Elisa plate reader (BIORAD iMark TM Microplate reader, India). 
2.2.19 Molecular docking studies 
Crystal structure of C-terminal region of S. mutans Antigen I/II (PDB ID: 
3QE5) was retrieved from protein data bank. In order to prepare the protein for 
docking, all water molecules were removed from the structure and hydrogen atoms 
were added. Binding site was identified by Q-Site Finder program (Laurie and 
Jackson, 2005). The structures of selected compounds were obtained from PubChem 
database. To study the binding orientation of selected compounds into the S. mutans 
Antigen I/II structure, GOLD 5.0 versions were used. Genetic algorithm parameters 
were set using the default parameters of the automatic settings. The best protein-
ligand complexes were selected based on the scoring function of the GOLD fitness 
score. 
2.2.20 Biofilm structure studies 
2.2.20.1 Epi-Fluorescence/Phase contrast microscopy 
To analyze the effect of the plant extracts or pure compound on biofilm, cells 
were grown on saliva coated glass coverslips. S. mutans was grown in BHI 
(supplemented with 0.25%) sucrose in a 12 well microtiter plate (Lynch et al, 2007). 
The experiment was run in triplicates. Sub-minimum inhibitory concentration of the 
compound or plant extracts was taken while the control contained no compound. The 
wells were inoculated and incubated at 37 °C for 24 h. The coverslips were removed 
from the media and gently washed with sterile PBS to remove the unattached cells. 
Coverslips were then stained with SYTO 9 for 15 min. The excitation wavelength was 
485-498 nm. The live cells were stained with the green fluorescent SYTO 9. 
(Nikon 80i-epi-fluorescence/phase contrast/Brightfield Microscope). 
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2.2.20.2 CLSM analysis ofS. mutans biofilm 
CLSM was carried out to observe more clearly the effect of eugenol on one-
day old S. mutans biofilms. The cells were grown on saliva coated sterile glass 
coverslips. S. mutans was cultivated in BHIS (BHI supplemented with 0.25% sucrose) 
in a 12-well microtitre plate (Nunc, Rochester, NY, USA). Following 24 h of growth, 
each well was washed twice with normal saline (0.85%). The BHIS contaming 
eugenol (sub-MIC concentration) was transferred to wells with one day old biofilm 
and was further incubated at 37 "C for 24 h. The coverslips were removed from the 
media and gently rinsed with normal saline to remove media and unattached cells. 
Coverslips were then stained with a mixture of SYTO 9 and propidium iodide (PI) 
(1:1) for 15-20 min in the dark. The dead cells were stained by the red fluorescent PI 
and live cells were stained with the green fluorescent SYTO 9. Fluorescence emission 
was observed using confocal scanning laser microscope (Leica Microsystems, 
Germany). Images were obtained using 40X oil. The images were obtained with 
PLAPON 40 X 1.42 objectives with an additional zoom of X3. Each biofilm was 
scaimed at five randomly selected positions. Adequately contrasted grey scale images 
were also obtained based on the brightest region of the biofilm that was scanned. Each 
stack of an experiment was examined, and the threshold value that fits best for all 
image stacks of a trial was chosen. The images of the control and in the presence of 
extracts were averaged and compared. 
2.2.20.3 Scanning electron microscopy 
Samples for evaluation of the effect of sub-MIC concentration of the plant 
extracts or pure compound on biofilm development were made in a similar way as for 
confocal laser scanning microscopy. The cells were then fixed with 2% formaldehyde 
and 2.5% glutaraldehyde in PBS (pH 7.2) for 15 min (Khan et al., 2011). Fixed 
samples were then dehydrated in absolute ethanol series (20%, 40%, 60%, 80"/o and 
100%), mounted, and sputter coated with gold-palladium. Samples were analyzed by 
SEM (Hitachi S-3000 N; High Technology Operation, Japan) at several 
magnifications (x2, 000 to x8, 000). 
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2.2.20.4 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) was done to analyze the 
intracellular changes in S. mutans. Cells were grown in BHI (supplemented with 
0.25%) sucrose in a conical flask. The experiment was run in triplicates. Sub- MIC 
concentration of the plant extracts or compound was taken while the control contained 
no compound. The flasks were inoculated and incubated at 37 °C for 24 h. After 
centrifugation, the treated and control (untreated cells) were washed with PBS and 
fixed with 2.5% glutaraldehyde (Himedia) and 1% osmium tetraoxide (OSO4) at room 
temperature. After decanting, cells were dehydrated with ethyl alcohol series. The 
fixed cells were embedded and thin sections of bacteria were cut with the help of 
ultramicrotome and viewed with a TEM (Techanai, FEI, Electron Optics, USA). 
2.2.21 Gas Chromatography-Mass Spectrometry (GC-MS) analysis 
The buds were washed, dried under shade and crushed to make powder. The 
powdered seeds were exhaustively extracted with solvents of increasing polarity (60-
80°C). The crude and diethyl ether fraction (DEE) fraction exhibited the best activity 
against biofilm formation was thus selected for GC-MS analysis. The components of 
crude extract and DEE were analyzed by Gas chromatography-Mass spectrometry. 
The analytical procedure is based on the method described by Michlmayr et al., 
(2012). A GC-MS system (GCMS-QP2010 plus), with RtxR gas chromatograph 
column (SLB60m x ID0.25mm x thickness 0.25 ^im). The column oven temperamre 
was inifially set at 80 °C for 2 min, which increased to 180 °C at the rate of 8 °C min"' 
with 4 min hold and finally increased to 300 °C at the rate of 10 °C min' with 30 min 
hold. Injector temperature was set at 270 °C. The ionization voltage mode was 70 eV. 
Helium was employed as a carrier gas with a constant flow at 1.21 ml min' . The 
major components of crude extract and the diethyl ether fraction were identified by 
comparing the GC retention time results with an MS reference database of NIST05s 
LIB. Reagents and solvents were mostly of LR grade. 
2.2.22 Caries induction in rats 
To determine the effects of the crude and active fraction on oral colonization 
and cariogenic potential, a total of 50 rats was taken. The animals were divided into 
groups; control and two test groups (n = 10 per group). All the animals were fed with 
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erythromycin water (100 fig/ml) and a regular diet for 3 days to lower the microbial 
load, and were tested to confirm the absence of 5. mutans by swabbing and plating the 
samples on MSB. The animals then received a sucrose-containing diet throughout the 
entire experiment. On day 4, the animals were inoculated with 1.4x10 CFU/ml of 5. 
mutans MT8148R, onto the surfaces of the animal's molars once a day ior five 
consecutive days to allow oral colonization and their teeth were treated topically with 
200 \i\ of 10% (w/v) plant extracts by means of a camel's hair brush twice dail>. Swab 
samples were taken from the surfaces of animal molars on the first day and at tlie first, 
third, sixth, eighth and tenth week's post-inoculation. The samples from each group 
were pooled in 2 ml of 10 mM potassium phosphate buffer, serially diluted and plated 
on MSB containing streptomycin agar plates for total cell counts. The plates were 
incubated at 37 °C for 2 days before enumeration of colonies of 5. mutans. The 
percentages of the S. mutans cells were calculated to determine oral colonization of 
strain in the animals. 
At the end of the tenth week, all the animals were sacrificed in order to obtain 
dental plaque samples. Samples of oral swabs from each group was collected, serially 
diluted and inoculated on appropriate plates. The plates were incubated at 37 °(' for 2 
days before enumeration of colonies. Both jaws of the animals were then removed and 
suspended in 3.7 % formaldehyde until caries scoring. All molars of the animals were 
examined under a dissecting microscope and carious lesions were scored by a 
modification of the Keyes method (Lee and Boran, 2003; Yamashita et ah, 1993). 
2.2.23 Gene expression analysis 
2.2.23.1 Design of quantitative PCR primers 
Primers for quantitative PCR were designed using Primer Express version 2.0 
(Applied Biosystems, USA) and the PRISM design software for TAQMAN^'^, 
SYBR^" .^ To ensure maximum amplification efficiency, amplicons were designed to 
be short (=95 bp), to have similar melting temperatures and to avoid sequences 
consisting of a run of the same nucleotide. Primers were produced by Invitrogen, NZ. 
Primer pairs are listed in Table 3.3. RT-PCR products of each were then run on an 
electrophoresis gel to ensure only single products of the correct size were formed. The 
dissociation curve of each product was determined using the method provided with 
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the ABI prism® 7500 FAST Sequence Detection System Real Time PCR 
Thermocycler with Sequence Detection Software version 1.4 (Applied Biosystems, 
USA). In addition, the products generated were sequenced in order to confirm their 
target sequence. 
2.2.23.2 Bacterial strains and culture conditions 
S. mutans MTCC 497, mutant strains or clinical strains were grown overnight 
at 37 °C in BHI medium (0.25% sucrose). To analyze the effect of the active fraction 
on the gene expression, the organism was cultured in BHI medium supplemented with 
sub MIC concentration of the active fraction. 
2.2.23.3 RNA extraction using phenol/chloroform 
Cultures of S. mutans, grown as described above, were diluted at a ratio of 
1:50, inoculated into fresh BHI media and grown for 24 h at 37 °C. The cells were 
harvested by centrifugation at 10,000 g for 3 min at 4 °C, the supernatant removed 
and the RNA in each sample extracted using Tri- Reagent (Sigma-Aldrich, St. Louis, 
MO, USA). The cells were disrupted with the aid of glass beads (Sigma). The samples 
were allowed to incubate at RT for 5 min before being vortexed and chilled on ice. 
Chloroform (200 ^l) was added to each sample, mixed vigorously for 15 seconds, 
incubated for two min at RT and centrifiiged at 12,000 g for 15 min at 4 °C. The 
aqueous phase was transferred to a new eppendorf and the RNA was precipitated by 
adding 500 ^L isopropyl alcohol. The samples were incubated at RT for 10 min and 
centriftiged at 12,000 g for 10 min at 4 °C. The supernatant was removed and the 
RNA pellet washed in 1 mL of 75% ethanol. Finally, the supernatant was again 
removed and the RNA pellet dried at RT for 1 h before being dissolved in diethyl 
pyrocarbonate (DEPC) treated water. The quality and quantity of the RNA were 
determined through UV spectrophotometry using a NanoDropT^ with NanoDrop 
software version 3.0.1 (Thermo Scientific, USA). The integrity of the RNA was 
assessed by agarose gel electrophoresis. 
2.2.23.4 cDNA preparation 
A reverse transcription (RT) reaction mixture (20 \iV) containing 20 ng of 
random hexamers, 10 mM dNTPs mix and 2 pg of total RNA sample was incubated 
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at 65 °C for 5 min to remove any secondary structure, and placed on ice. Then lOX 
RT buffer, 25 mM MgCli, 0.1 M DTT, 40 U of RNase OUT Reconbinant 
Ribonuclease Inhibitor and 50 U of Super Script II RT (Invitrogen, Life Technologies, 
California, USA) were added to each reaction mixture. After incubation at 25 °C for 
10 min, the mixture was incubated at 42 °C for 50 min. The reaction was terminated 
by heating the mixture at 70 °C for 15 min and the cDNA samples were storeti at -20 
°C until used. 
2.2.23.5 Quantitative real-time PCR 
Using qPCR primers designed in section 2.2.21.1 to amplify up the eleven 
genes of interest (ftf, gtfB, gtfC gtfl), brpA, relA, smu630, gbpB, spa P, vicR, covR 
and 16S rRNA). Real-time quantitativePCR were performed using the ABl-Prism 
7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) with 
an SYBR Green PCR Master Mix (Applied Biosystems) and carried out in 
MicroAmp® Fast Optical96-well plates (Applied Biosystems, USA). 
The reaction mixture (20 ^L) contained IX SYBR Green PCR Master Mix 
(Applied Biosystems), 1 ^ L of cDNA sample, and 0.5 p,M of the appropriate forward 
and reverse PCR primers. PCR conditions included an initial denaturation at 95 °C for 
10 min, followed by a 40-cycle amplification consisting of denaturation at 95 C^ for 
15 seconds and annealing and extension at 60 °C for 1 min. Fluorescence was 
detected during the annealing and extension step of each cycle. The critical threshold 
cycle (Ct) was defined as the cycle in which fluorescence becomes detectable above 
the background fluorescence and is inversely proportional to the logarithm of the 
initial number of template molecules. After the last amplification cycle, a dissociation 
protocol was performed as follows: One cycle of 95 °C for 15 sec, followed by 60 °C 
for 1 min. This dissociation was done to ensure that only single products of the correct 
size were being generated by the different primer pairs and that no products were 
produced in the any template control samples. A standard curve was plotted for each 
primer set with Ct values obtained from the amplification of known quantities of S. 
mutans cDNA. 
The expression levels of all the tested genes were normalized using the 16S 
rRNA gene of S. mutans as an internal standard. There was no significant difference 
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in the expression of the 16S rRNA gene in the various tested conditions. Each assay 
was performed with at least two independent RNA samples in duplicate, and the x-
fold change of the transcription level was calculated by the following equations (ABI 
Prism 7000 SDS Software vl. 1 with RQ Study 1.0, Applied Biosystems): 
Each cDNA: ACt - Ct (tar^t ^ne) - Ct (16S rRNA) (1) 
AACt = ACt (reference cDNA) - ACt (test cDNA) (2) 
Ratio = 2^^^ (3) 
2.2.24 Statistical analysis 
All the experiments were performed in triplicates. For each outcome, data 
were summarized as mean ± standard deviation. The values obtained for different 
study parameters (adherence, biofilm formation, synthesis of water insoluble glucan, 
hydrophobicity index) were grouped into different classes on the basis of 
concentration of the compound added to the samples. Class 1 was taken as a control, 
where no compound was added. The values obtained for the control group were 
considered as maximal (70% for hydrophobicity index and 100% for all other 
variables). The values for the remaining classes were calculated relative to the control 
group. SD (Standard deviation) was also calculated for all the observations. One-way 
ANOVA was performed to check the significant difference among different classes. A 
difference was considered significant if the probability that chance would explain the 
results was reduced to less than 5%) (p < 0.05). The normality and homogeneity were 
also checked. Statistical analysis was performed using SPSS (version 11.5, Chicago). 
For the caries study, the results were analyzed by Student's t test, with P < 0.05 
considered statistically significant. 
Using RT-PCR, followed by analysis by the 2" '^^ "' method, a one-way analysis 
of variance (ANOVA) was performed using the 2"^^" values to compare all time 
points and treatment types P values were generated using the Tukey multiple 
comparison test in order to establish whether pairs of 2" '^^ ''' values were statistically 
different or not. All statistical analyses were performed using Prism Software^M and 
Microsoft Excel. The AACt method was used to establish relative expression levels of 
the transcripts of interest. Based on the mathematics of real time PCR, the AACt 
method has been applied to calculate relative quantity of particular gene transcripts. A 
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simple mathematical equation normalises ACt values to reference gene ACt values, 
thereby accounting for variation in cDNA concentrations. Normalizing to an 
endogenous reference provides a method for correcting results for differing amounts 
of input RNA. The 2''^^"^ method uses data generated as part of the real time PCR 
experiment to perform this normalization function. The formula then compares these 
normalized samples to an appropriate control to generate a fold change ratio. Baseline 
values for each amplification curve and the threshold value for each sets were set 
manually. The Ct values for each sample were exported to a Microsoft Excel 
spreadsheet. If the PCR efficiency of the sample is not 100% this may invalidate the 
results, as the A ACt method assumes a PCR efficiency of 100%. To adjust for this, the 
individual amplification efficiencies of one particular primer pair for each set of 
primers on a plate were averaged to give a reliable amplification efficiency 
adjustment. 
The mean PCR efficiency was subsequently incorporated into the AACt 
equation for data analysis. The results were normalized between samples using the 
16s rRNA expression level in order to generate ACt values. The ACt value describes 
the difference between the Ct value of the target gene and the Ct value of the 
corresponding endogenous reference housekeeping gene. 
16sRNA was chosen as the normalizing gene as it has been found to be a 
suitable gene to use by previous studies (Shemesh et al., 2007). The AACt method 
allows the comparison of the expression of each target transcript between the different 
treatment groups, and allows the calculation of the average fold change in the control 
group being 1 (i.e. no change) and the expression levels of the different 
treatment/outcome groups given as a fold change relative to the average of the cc^ntrol 
group. 
Statistical analysis of these results was carried out using GraphPad Prism 
Software version 5 (GraphPad Software, Inc.) and using the ACt or AACt values 
rather than the fold-change values, due to the fact that fold-change values do not 
follow a normal distribution. ACt and AACt values are effectively log transfoimed 
values and did not deviate significantly from a normal distribution. The results rom 
each experimental set for each treatment type and time point were analyzed using the 
one-way ANOVA with Tukey's multiple comparison test as a post test. Significance 
is expressed as either/?<0.05,/?<0.01 or/»<0.001. 
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3.1 Introduction 
Dental caries is a transmissible and prevalent oral infectious disease which has 
affected a large portion of the total world population. Earlier it was considerec^ to be 
an oral problem among children aged 5-17, but today this is also persisting in the 
older age group (Wu et al, 2011). S. mutans is highly cariogenic pathogen 
effectively colonizes over the tooth surfaces and is considered to be an 
important agent responsible for the formation of biofilm that results in tooth decay 
(Tarao et al, 2009). The ability of S. mutans to synthesize glucan from sucrose using 
glucosyltransferase promotes the bacterial adherence and accumulation on the tooth 
surface, which in turn aids biofilm formation. Furthermore, the skill of these sessile 
bacteria to fabricate acid during carbohydrate metabolism and its aptitude to 
withstand and perform glycolysis at low pH conditions in the dental plaque is another 
essential virulence factor involved in the formation of biofilm (Yoshida and 
Kuramitsu, 2002). The biofilm synthesis can be seized by disrupting the potential of 
S. mutans to form acids and glucans, this could be a better therapeutic approach to 
combat with this problem. 
Chlorhexidine, a broad-spectrum antiseptic widely used as a therapeutic igent 
in dentistry, has toxic effect both in vivo and in vitro. It is reported to have various 
side effects including inflammatory reaction, tissue necrosis associated with 
inflammatory response, retard granulation tissue formation (Faria et al, 2009). "'"hus, 
an alternate means with no collateral effects has been sought. The use of natural 
products as major therapeutic agent against many infectious diseases has already been 
documented in many cases. In contrary to chemical derivatives, the use of natural 
compounds usually does not cause any side effects. There are several reports of jilant 
derived natural products showing antibacterial activities against oral pathogens. The 
use of natural compounds, such as those obtained from plant sources against 5. 
mutans and Candida albicans represses the development of biofilm by inhibiting its 
virulence properties as reported earlier (Khan et al, 2010). 
Syzygium aromaticum commonly known as clove is used as a spice to add 
flavor to exotic food preparations. It was used by the traditional healers since ancient 
times to treat respiratory and digestive ailments. S. aromaticum possesses antiseptic 
and antibiotic properties and thus is used in the treatment of toothache and as an 
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ingredient in toothpastes and mouthwashes preparation (Das, 2004). However, the 
mode of action of this bud has not been explored yet. Therefore, we have initiated our 
study to investigate mechanism of anticariogenic activity of Syzygium aromaticum 
extract against S. mutans. 
3.2 Experimental procedure 
The crude extracts from the buds of S. aromaticum were evaluated for its 
antimicrobial and anti-adherence effect (Section 2.2.7 and 2.2.8). They were further 
fractioned using solvents of increasing polarity as outlined in section 2.2.6. The best 
effect was observed in diethyl ether (DEE) fraction and the crude fraction of 
S. aromaticum and hence their effect on biofilm formation of S. mutans on saliva-
coated polystyrene microtitre plates was also evaluated by methodology outlined in 
section 2.2.10. The mode of cariogenicity inhibition was explored by various assays 
mentioned in the methodology (Section 2.2.6 - 2.2.15). Extraction of the total RNA, 
amplification, detection and analysis of mRNA for real-time PCR was performed as 
described in the methodology sections 2.2.23. The nucleotide sequences of the 
primers used in this study are given in Table 3.3. The plant extracts were tested for 
their toxicity by the method described in section 2.2.16. Both the fractions of S. 
aromaticum were then evaluated for their anti-caries effect in vivo (Section 2.2.22). 
Confocal laser scanning microscopy (CLSM) and Scanning electron microscopy 
(SEM) was performed to compare the arrangement of cells in the biofilms formed by 
S. mutans in the absence and presence of plant extracts as outlined in section 2.2.20. 
3.3 Results 
3.3.1 Determination of minimum inhibitory concentration (MIC) 
The minimum inhibitory concentration (MIC) was found to be 156.24 ^g/ml 
and 78.12 M^ g/ml (crude and diethyl ether (DEE) fraction of S. aromaticum). 
52 
chapter III 
Table 3.1: Minimum inhibitory concentration and effect of 5. aromaticum extracts on 
acid production by S. mutans. Each value is an average of triplicate 
assays, (Data = mean ± SD) 
Extracts 
Control 
(Untreated) 
Crude 
DEE 
Zone of inhibition 
(Cone. 20mg/mi) 
-
25 fil- 22 mm 
50 1^ 1- 23 mm 
100 nl- 26mm 
25 |il- 13 mm 
50 |j,l- 16 mm 
100^1-21mm 
MIC (Hg/ml) 
-
156.25 
78.12 
Onset pH 
7.24 ± 0.09 
7.24 ±0.15 
7.24 ± 0.05 
After 24 h 
4.50 ±t.05 
6.60 ±0.16 
6.93 ±0.14 
3.3.2 GC-MS analysis of 5. aromaticum extracts 
The major compound in the DEE fraction was phthalic acid (1,2, Beztnedi-
carboxylic acid) with MIC of 3125 ^g/ml which was much higher compared lo the 
crude and DEE fraction. Other components present in these fractions are given in 
Table 3.2. 
Table 3.2: GC-MS analysis of Syzgium aromaticum extract 
Syzgium aromaticum diethyl ether fraction (DEE) 
Compound 
l,2,Bezenedi-carboxylic acid 
Phenol, 1,3,4 Eugenol acetate 
Acetyleugenol 
4,11,1 l-Trimethyl-8-methylenebicyclo[7.2.0]undec-4-ene 
Diethylphthalate 
P-Cedren-9-a-ol 
Ethylhexanol 
2,6-Di-tert-butyl-4-methylphenol 
Eicosane 
n-Cetane 
Octadecane 
2,6,6,9-tetramethyl-1,4,8-cycloundecatriene 
Per cent Area 
38.78 
24.02 
21.10 
6.33 
2.38 
1.78 
1.33 
1.22 
0.92 
0.90 
0.63 
0.60 
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Syzgium aromaticum crude extract 
Eugenol acetate 
Diethyl malate 
1,2 Benzenedicarboxylic acid 
Phthalic acid 
Acetoeugenol 
5-Hydroxymethylfurfural 
Ethyl palmitate 
3-[l-(carboxymethyl)-2-propenyl]-2,2-
dimethylcyclopropanecarboxylic acid 
Ethyl lenoleate 
Caryophyllene 
Isoaromadendrene epoxide 
Diethyl phthalate 
Caryophyllene oxide 
Alloaromadendrene oxide (I) 
Toluene-4-sulfonic acid, 2,7-dioxatricyclo[4.3.I.0(3,8)]dec-I0-yl ester 
3,3,7,11-Tetramethyltricyclo[5.4.0.0(4,l l)]undecan-l-ol 
Hexadecanoate 
Ethyl octadecanoate 
Pidolic acid 
Patchuline 
Ledane 
Diethyl butanedioate 
Heptadecane 
I Bromo-l,2-diethoxyethane 
(E)-9-Octadecenoic acid ethyl ester 
(1E)-1 -Ethy lidene-7a-methyloctahydro-1 H-indene 
Isocaryophyllene 
Acetasol 
Heptadecane 
l,7,7-Trimethylbicyclo[2.2.1]heptane-2,5-diol 
Aromadendrene epoxide-(I) 
Furaldehyde 
Ethyl-D-lactate 
Copaene 
19.58 
8.90 
8.90 
8.02 
6.65 
6.51 
3.84 
3.72 
3.61 
3.05 
2.85 
2.25 
1.90 
1.78 
1.72 
1.69 
1.62 
1.34 
1.17 
0.99 
0.99 
0.97 
0.97 
0.97 
0.83 
0.72 
0.71 
0.68 
0.64 
0.64 
0.62 
0.42 
0.42 
0.30 
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3.3.3 Effect on bacterial adherence ^^^^j i^; 
The inhibitory effect on adherence of S. /nutans by different concentrations of 
crude and DEE fraction are given in Figure 3.1. The maximum reduction in adherence 
in the case of the crude extract was at 78.12 |J,g/ml (61.54%) while in the case of DEE 
fraction it was 39.06 ng/ml (60.93%). The reduction in adherence was found to be in 
a dose dependent manner. 
3.3.4 Effect on Streptococcus mutans biofilm formation 
The effect of crude and DEE fractions of S. aromaticum, on biofilm formation 
is shown in Figure 3.2. Biofilm formation by S. mutans was drastically repressed 
(~ 80%) by crude and DEE fraction at concentrations 78.12 ^g/ml and 39.06 ^ig/ml. 
When the reduction in biofilm formation was checked at different time intervals, 10 
min treatment was efficient to reduce its formation at a concentration as low as 9.76 
)Xg/ml of the crude extract and 4.88 )J.g/ml for the DEE fraction Figure 3.3. 
3.3.5 Effect on acid production 
Both the extracts were efficient in reducing the production of acids 
(Table 3.1). The decrease of pH was significantly inhibited in the presence of crude 
(7.81 |ig/ml) and DEE (3.90 |^g/ml) fractions of 5. aromaticum, showing at the onset 
pH of 7.2 and 7.2 while after 24 h of incubation pH 6.5 and 6.8, respectively. On the 
other hand, untreated cells (control) showed pH 4.5 after 24 h of incubation. This is 
significant, because of the fact, when the process of acidification of the medium 
between the bacterial plaque and the outer surface of the tooth is decreased, the 
possibility of demineralization of this surface, an essential factor in the formafion of 
dental caries, is also decreased. 
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Figure 3.1: Inhibitory effects of crude (A) and DEE fractions (B) of 5. aromaticum 
on the adherence of S. mutans to glass surface. The % adherence 
means the relative amount of (%) adhered cells to the glass surface at a 
certain concentration of the extract, as compared to the control. Each 
value is the average of triplicate assays and each bar indicates mean 
(Data= mean ± SD). 
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Figure 3.2: Effects of crude (A) and DEE fractions (B) of S. aromaticum on biofilm 
formation of S. mutans to saliva coated surface. The % biofilm formed 
means the relative (%) of biofilm formed in the presence of a certain 
concentration of the extract, as compared to that formed in control. Each 
value is the average of triplicate assays and each bar indicates mean 
(Data= mean ± SD). 
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Figure 3.3: Inhibitory effects of crude (A) and DEE (B) fractions of S. aromaticum 
on biofilm of S. mutans to saliva-coated microtitre plate at different time 
intervals. The % biofilm formed means the relative (%) of biofilm 
formed in the presence of a certain concentration of the extract, as 
compared to that formed in control. Each value is the average of 
triplicate assays and each bar indicates mean (Data= mean ± SD). 
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3.3.6 Effect of extracts on the cell surface hydrophobicity 
Figure 3.4 shows that the cell surface hydrophobicity of 5. mutans is affected 
in presence of Crude extract and DEE fraction. The efficacy in inhibition was found 
to be dependent on the extract concentration in the reaction mixture. The cell 
surface hydrophobicity was suppressed by 50% at a concentration of 19.53 |a.g/ml 
(Crude extract) and 9.76 |xg/ml (DEE fraction). 
3.3.7 Effect on water-insoluble glucan synthesis 
The effect of crude extracts and DEE fraction was assessed for the synthesis 
of water insoluble glucan. The crude extract at a concentration of 78.12 i^ g/ml 
and DEE fraction at 39.06 |ig/ml reduced the formation of water insoluble glucan to 
approximately 80% as shown in Figure 3.5. The synthesis of the glucan was 
significantly inhibited in a concentration-dependent manner. 
3.3.8 Effect on growth at sub-MIC concentration 
Cells of 5. mutans were grown with sub-MIC concentrations of the extracts to 
check their influence on the growth of these bacteria. As shown in Figure 3.6. None of 
the extracts inhibited its growth. This experiment was carried out to confirm that the 
results obtained in the succeeding experiments were only due to the effect of the plant 
extracts on the virulence properties of this bacterium. 
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Figure 3.4: Inhibitory effects of crude (A) and DEE (B) fractions of S. aromaticum 
on hydrophobicity of 5. mutans. The % indicates the relative amount (%) 
produced in the presence of different concentrations of the extract, as 
compared to the amount produced in the absence of extract. Each 
value is the average of triplicate assays and each bar indicates mean 
(Data= mean ± SD). 
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Figure 3.5: Inhibitory effects of crude (A) and DEE (B) fractions of S. aromaticum 
on water insoluble glucan formed by S. mutans. The % indicates the 
relative amount (%) formed in the presence of different concentrations of 
the extract, as compared to the amount formed in the absence of extract. 
Each value is the average of triplicate assays and each bar indicates mean 
(Data= mean ± SD). 
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Figure 3.6: Effect on growth at sub-MIC concentration of crude and DEE fractions of 
S. aromaticum 
3.3.9 Scanning electron microscopy 
Microscopy analysis through scanning electron microscopy (SEM) clearly 
revealed the potency of the extracts in reducing extracellular polysaccharides forming 
capability of S. mutatis. As supported by the results of the effect of the extracts on 
glucan synthesis, there is a reduced amount of polysaccharides produced at sub-MIC 
concentrations of crude as well as DEE fractions. The control sample shows clumping 
of cells in the polysaccharide matrix while the cells in the treated samples show 
scattered cells indicating a reduced interaction between cells and thus reduced biofilm 
formation Figure 3.7. 
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Figure 3.7: Scanning electron microscopy of Streptococcus mutatis biofilm grown in 
BHI supplemented with 0.25% sucrose; (A) control (B) with sub-MIC 
concentration of crude and (C) DEE fraction off of 5. aromaticum. 
64 
Cdapterlll 
3.3.10 Confocal laser scanning microscopy (CLSM) analysis of 5. mutans biofilm 
S. mutans biofilm was analyzed under the CLSM to observe the changes in its 
morphology shown in Figure 3.8. In the absence of the extract, the cells showed 
clumps and aggregate that were absent when treated with sub-MIC concentration of 
the extract. The cells in the treated sample were more spread out and dispersed. 
3.3.11 Effect on viability of 5'. mutans cells 
Fluorescence/Phase contrast microscopy using SYTO 9 dye revealed that 
crude and DEE fraction does not affect the S. mutans viability nor does it bring about 
any drastic changes in the morphology of these cells (Figure 3.9). 
3.3.12 ELISA 
The total cellular proteins from the untreated cells (control) were conjugated 
rabbit anti-Agl/II to compare and calculate the levels of Agl/II protein in the treated 
cells. The amount of protein Agl/II from crude extract treated cells was found to be 
3.9 fold less than the untreated cells while it was 52.3 fold lesser in case of the 
treatment with a DEE fraction of 5. aromaticum. 
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Figure 3.8: CLSM images of Streptococcus mutatis biofilm formed after 24 h of 
incubation. (A) control (B) with sub-MIC concentration of crude and 
(C) DEE fraction of of 5. aromaticum. 
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Figure 3.9: Fluorescence/Phase contrast microscopy images oi Streptococcus mutans 
biofilm grown in BHI supplemented with 0.25% sucrose (A) control (B) 
with sub-MIC concentration of crude and (C) DEE fraction of of S. 
aromaticum. 
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3.3.13 In vivo studies 
The in vivo experiment showed that there were no significant weight gains 
among the control and test groups {P > 0.05). The total cultivable population of S. 
mutans was taken to calculate the percentage of 5. mutans MTCC497 recovered from 
the jaws of the rats. The percentage of 5. mutans in the animals' plaque was found to 
be similar among all groups. The incidence of smooth-surface caries was reduced in 
both the treatment groups compared with the control which was a 22.5 % reduction in 
case the crude extract while 46.1% in the group treated with the active fraction. The 
smooth-surface caries severity scores were also significantly lower in both the groups 
treated (Figure 3.10). The groups treated with active fraction had fewer slight and 
moderate lesions than groups treated with the crude extract (P < 0.05). Furthermore, 
the animals treated with active fraction showed the least severity (extreme) smooth as 
well as sulcal caries scores. The incidence of sulcal-surface caries was significantly 
lower in the groups treated with the diethyl ether fraction than in the control group 
{P < 0.05). The severity of sulcal lesions followed a pattern similar to that of sulcal-
surface caries scores. 
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Figure 3.10: Effects of Crude and DEE treatments on development (smooth and 
sulcal-surface caries severity) of dental caries in rats (Keyes' 
score) Values denote means with SD (n = 10). 
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3.3.14 Gene expression analysis by real time RT-PCR 
The expression profile of///,' brpA, vicR, gtfC and comDE in S. miitans 
biofilms treated with sub-MIC concentration of crude and a DEE fraction of S. 
aromaticum was determined (Figure 3.11). Analysis of our data shows that the 
selected extracts influenced specific virulence genes of S. mutans by reducing their 
expression. This data could be correlated with the disrupted accumulation of 
extracellular polysaccharides (EPS) and bacterial cells in the matrix, which affected 
the biochemical and physiological properties of the biofilms in vitro. The addition of 
sub-MIC concentration of crude and DEE fractions of S. aromaticum, markedly 
reduced the mRNA levels of the selected genes to different extents in S. mutans 
biofilms. The crude maximally reduced the expression of the comDE gene and gtfC 
genes by 79.6% and 59.0% respectively, while the most affected gene by DEE 
fraction were comDE and brpA with 84.8% and 78.4% reducfion in their expression, 
respectively. 
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Table 3.3: Nucleotide sequences of primers to be used in this study 
Gene 
16S 
rRNA 
Ftf 
gtfC 
brpA 
comDE 
vicR 
Description 
Normalising internal 
standard 
Fructosyltransferase 
(FTF);fructan 
Production 
Glucosyltransferase C 
(GTFB);glucan 
production 
Biofilm regulation 
protein 
Competence-
stimulating peptide 
Two-component 
regulatory system 
Primer sequence (5'^3') 
Forward 
CCTACGGGAGGCAG 
CAGTAG 
AAATATGAAGGCGG 
CTACAACG 
GGTTTAACGTCAAA 
ATTAGCTGTATTAGC 
GGAGGAGCTGCATC 
AGGATTC 
ACAATTCCTTGAGTT 
CCATCCAAG 
TGACACGATTACAG 
CCTTTGATG 
Reverse 
CAACAGAGCTTT 
ACGATCCGAAA 
CTTCACCAGTCT 
TAGCATCCTGAA 
CTCAACCAACCG 
CCACTGTT 
AACTCCAGCACA 
TCCAGCAAG 
TGGTCTGCTGCC 
TGTTGC 
CGTCTAGTTCTG 
GTAACATTAAGT 
CCAATA 
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1.2 
Control BrpA VicR GtfC ComDE 
Genes 
Figure 3.11: Gene expression profile of specific genes involved in biofilm formation 
in the presence of crude and DEE fraction of S. aromaticum. The 
mRNA level of each gene in each sample was normalized to that of 16S 
rRNA. These values were then compared to the control (corresponding 
to an arbitrary value of 1) to determine the change (n-fold) in gene 
expression. Data presented here were generated from at least four 
independent sets of experiments (Data= mean ± SD). 
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3.3.15 Molecular (locking studies 
Docking scores of five compounds of DEE fraction giving the best scores 
among the twelve molecules described by GC- MS analysis (Table. 3.2) with surface 
protein Ag I/II is shown in Figure. 3.12. These compounds were found to dock at the 
active site of target protein with a range of 44-49 Gold fitness score. Nine amino acids 
(Pro 1214, Glu 1215, Glu 1216, Pro 1264, Gly 1266, Ala 1267, Glu 1310, Asnl311 
and Tyr 1314) were found to be common for all the compounds in stabilizing the 
complex. 
Compound Dietfi\1phthalate Eicosane Octadecane n-ceian« Eueenol acetate 
Cold fitness score 48.33 46.40 43.^5 45.40 44.09 
Figure 3.12: Molecular modelling and docking of five best inhibitors from the DEE 
fraction with the active site of Ag 1/ IT 
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3.4. Discussion 
Biofilm that harbor pathogenic bacteria are a serious health problem of 
increasing importance (Kolenbrander et al., 2006). Eradication of biofilm by 
conventional antibiotic therapy is infamously difficult due to resistance developed by 
these bacteria through metabolic and genetic adaptation and also partially due to 
barrier effect of the exopolysachharide matrix (Hall-Stoodley et al., 2004). Targeting 
quorum sensing systems, involved in biofilm induced infection, might offer a 
promising approach. These extracellular small signalling molecules along with 
coordination of gene expression play an important role in the survival of biofilm. 
Thus novel and more effective strategies need to be developed to counter the havoc 
spread by clinically relevant biofilms (Closterton et al., 2007). 
Despite the significant in vitro antimicrobial activity of chlorhexidine (CHX) 
against S. mutans biofilms, its use in dentistry is controversial because of local side 
effects, which include discoloration of the teeth, restorations, and dentures; soreness 
of the oral mucosa; and irritation of taste buds (Twetman, 2004). CHX has been 
reported to inhibit protein and DNA synthesis, mitochondrial activity causing 
intracellular Ca^ ^ increase and oxidative stress and inhibition of cell proliferation 
causing cell death by ATP depletion (Chang et al., 2001). A recent study has also 
suggested that CHX may induce cell death via apoptosis and necrosis in cultured 
L929 fibroblasts via endoplasmic reticulum stress (Faria et al., 2009). 
Natural products discovered from medicinal plants have provided numerous 
clinically used medicines and there is an abundance of evidence that naturally 
occurring compounds, especially from foods that we already consume, may have 
therapeutic potential in managing caries (Bhattacharjee, 2001). Syzigium aromaticum 
(clove) has long been recognized as safe and used in foods, beverages and tooth 
pastes. Its antioxidant activity has been found comparable to that of the natural 
antioxidant, vitamin E (Prashar et al, 2006). Unlike chlorhexidine, our result shows 
that extracts of 5. aromaticum exhibited no toxic effects in vivo. S. aromaticum has 
advantages over chlorhexidine because it is composed of several substances that may 
have different interactions with the bacterial cell, reducing the virulence of 5. mutans. 
Eugenol, a major compound of clove, was also reported to have strong acaricidal 
activity (Fichi et al., 2007); anthelmintic property (Balch and Balch, 2000) and anfi-
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inflammatory effect (Dip e^  a/., 2004). Its HlffBacterial effects were observed by 
(Dorai and Aggarwal 2004). 
This study was aimed at exploring the manner in which this plant manages to 
inhibit cariogenic attributes of 5. mutans. Plaque or biofilm forming ability t>f 5. 
mutans is one of the major cariogenic factors. The biofilm has the capability of 
evading host defense mechanisms and resistance to antibiotics (Motegi et ai, 2006). 
We demonstrated that crude as well as the DEE fraction of S. aromaticum inhibited 
biofilm by 50% at 9.7 p.g/ml in a dose dependent manner. The biofilm reduction was 
correlated well with the reduction in the amount of insoluble glucans which are 
essential for the adherence and the accumulation of microorganisms on the tooth 
surface and provide bulk and strucmral integrity to the biofilm matrix (Koo and Xiao, 
2009). Bacterial adhesion and biofilm forming ability of S. mutans was disrupted by 
the presence of both the extracts and fraction, at concentrations lower than their MIC, 
which are important virulence traits of 5. mutans (Badet and Quero, 2011). It was 
found that crude and DEE fraction gave 50% reduction in the ability to form bi(»film 
at a concentration of 9.76 ng/ml. Similarly, adherence was reduced to 61.54% (crade), 
60.93% (DEE) at their sub-MIC concentrations. These results suggest that the 
inhibition of the virulence properties of S. mutans is not due to a single compound; 
rather it's the synergistic effect of the various chemical components present in the 
DEE fraction of 5. aromaticum. 
We fiirther examined the effects of S. aromaticum (crude and DEE fraction) 
on hydrophobicity production of water insoluble glucans and expression of genes 
involved in biofilm formation. The influence of these extracts on the expression of 
genes involved in biofilm formation clearly suggest the role of these extracts ia the 
repression of biofilm forming ability of S. mutans. These include genes associated 
with intercellular communication systems (quorum sensing) and regulators of 
carbohydrate metabolism. Among them, enzymes encoded by gtfC and ftf catalyse the 
cleavage of sucrose to synthesise extracellular glucan and fructan polysaccharides, are 
downregulated in the presence of these extracts. Repression of another gene namely 
vicR (Figure 3.11) may affect bacterial adherence and biofilm accumulation of 5. 
mutans through the vicRK signalling pathway (Wen et al, 2010). The regulatory 
genes, brpA and comDE, which are part of the quorum sensing cascade of 5. mutuns 
are also downregulated (Steinberg et ai, 2008). The in vivo results depicte.l the 
77 
chapter III 
cariostatic activity of 5'. aromaticum as it significantly reduced the virulence of S. 
mutans, without hindering the viability of the oral flora of the animals. The active 
fraction showed a maximum therapeutic effect in case of smooth as well as sulcal 
surface caries. These effects may be attributed to the anticariogenic properties 
exhibited by these extracts in vitro. 
In conclusion, our data suggest that the extract of S. aromaticum proves as a 
potential source of anti-caries agent. These findings explain the use of these buds as 
traditional alternative medicine in the treatment of dental caries. Moreover, it also 
suppresses the gene expression of biofilm forming genes. These buds can be used 
without any panic of being toxic or ill effect as they are known edible plant based 
product. Hence, in the future it could be used as an alternative medicine for dental 
caries and also justifies its use in mouthwashes, toothpaste and chewing gum. 
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4.1 Introduction 
Dental caries is biofilm dependant oral infectious disease caused by 
Streptococcus mutans with high socioeconomic impact and forms one of tlie most 
complicated biofilm systems in nature (Foster et ai, 2003). Bacterial biofilm 
formation on surfaces is biological phenomena that are associated with many 
infections in humans, including diseases such as dental caries, periodontitis, iifective 
endocarditis, and number of nosocomial infections (Stoodley et al, 2002). 
The biofilm matrices are rich in polysaccharides (glucans) synthesi^ed by 
glucosyltransferases (Gtf-B, C and D) and provide specific binding sites for bacterial 
colonization on the tooth surface and to each other (Xiao and Koo, 2010). 
The elevated amount of exoplysachharides (EPS) increases the biofilm stability and 
structural integrity, and provides protection to the bacteria from hostile influences of 
antimicrobials and other environmental assaults (Flemming et al, 2007). 
The persistence of the acidic environment leads to the selection of these highly acid-
tolerant bacteria which results in the dissolution of enamel, thus initiating the dental 
caries process (Marquis et ai, 2003). Therefore, EPS and acidification of the 
biofilm's matrix are critical for the formafion and establishment of dental caries and 
offer primary targets for chemotherapeutic intervention. This ubiquitous disease 
causing bacteria also plays an important role in the pathogenesis of infective 
endocarditis. A study has demonstrated that FBP-130 (a fibronectin-binding protein) 
mediates the adherence of 5. mutans, specifically to fibronectin, by adopting different 
strategies to interact with extracellular matrix (Chia et ai, 2000). This matrix is 
considered essential for the existence of the biofilm lifestyle and full expression of 
S. mutans virulence (Flemming and Wingender, 2010). 
The antimicrobial agent, chlorhexidine has been used in dentistry but has 
been reported to have toxic effect such as inducing an inflammatory reaction 
(On9ag et al, 2003) and tissue necrosis associated with inflammatory response 
(Faria et al, 2009). In view of the high detrimental effects of S. mutans biofilms, 
along with the side effects associated with the presently available therapeutic agent, 
there have been significant efforts to find new agents to control and decrease 
S. mutans pathogenicity (Khan et al, 2009; Liu et al, 2011). 
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There is some evidence that many natural molecules are good antibacterial 
agents that show activity against a number of oral pathogens (Morgan et al., 2001; 
Khan et al., 2010). There have also been a considerable number of reports describing 
the antibacterial effect of a group of plant-derived compounds, the terpenes, but only 
a few discuss the molecular basis of their activity (Kozai et al., 1999). Eugenol, a 
terpene, is a major component of the essential oils expressed from the buds of cloves 
{Syzgium aromaticum), is known as a safe natural product. Apart from being used as a 
flavoring agent for foods and component in curative dentistry, it is also reported to 
have in vitro activity against flingal biofilms (Burt S, 2004). However to the best of 
our knowledge, there are no reports giving insight into its molecular basis of the anti-
adherence, anti-biofilm and anticariogenic properties till date. This is the first report 
that offers insight studies and evidences that eugenol shows prominent anti-virulent 
property against S. mutans without affecting its viability. 
4.2 Experimental procedure 
Eugenol was evaluated for its antimicrobial and cytotoxic effect according to 
the procedure described in section 2.2.7 and 2.2.16, respectively. The anti-adhesion 
effect and biofilm formation of S. mutans on saliva-coated polystyrene microtitre 
plates were also evaluated by methodology outlined in section 2.2.9 - 2.2.10. The 
effect of eugenol on surface protein Agl/Il was checked as described in section 2.2.17. 
The effect on cell morphology and bacterial viability was viewed by transmission 
electron microscopy and Confocal laser scanning microscopy as explained in section 
2.2.19. Molecular docking studies of eugenol with surface protein Agl/II was 
performed according to section 2.2.18. RT-PCR experiments were perforaied to 
examine the effect of eugenol on 5. mutans genes involved in quorum sensing and 
biofilm formation described in section 2.2.22. 
4.3 Results 
4.3.1 Inhibition of adherence and biofilm formation 
The effect of eugenol at different concentrations (below MIC 0.625 lag/ml) 
was tested to check the adherence and biofilm reduction. The maximum reduction in 
adherence was detected at 61.77% at a concentration of 0.3125 Mg/mL, while biofilm 
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was reduced up to 80% (Figure 4.1). Adherence and biofilm forming ability of 5. 
mutans was reduced in a dose dependent manner. 
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Figure 4.1: Effect of eugenol on adherence and biofilm forming abilities of 
Streptococcus mutans (Data= mean ± SD). 
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4.3.2 Hemolytic activity 
Cytotoxicity was also checked and compared with CHX as reference 
compounds. It was observed that at concentrations of 31.2 |ig/ml, conventional anti-
caries agent (CHX) exerted 80% hemolysis, while eugenol showed 1.05% hemolysis 
at the same concentration (Figure 4.2). 
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Figure 4.2: Hemolysis caused by chlorhexidine (•*") and eugenol ( ). Values 
represent the mean of three independent experiments, and the results are 
expressed as mean ± SD. 
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4.3.3 Effect on growth curve 
The effect of sub-MIC inhibitory concentration of eugenol on the growth 
curve S. mutans is shown in Figure 4.3. Moreover, no significant change in the growth 
was observed in eugenol treated cells. 
2.5 
; M H ± * ; 
] 2 3 4 5 < 7 8 9 10 II 12 13 14 1* 16 r It 19 20 21 .1 25 24 
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L 
Figure 4.3: Growth curves of S. mutans treated with sub-MIC concentration. 
(Data= mean ± SD). 
4.3.4 Image analysis of biofilms 
S. mutans biofilms were visualized by CLSM to observe the effect of 
chlorhexidine (CHX) and eugenol on one-day-old biofilm using SYTO 9 (fluoresced 
green) for staining live cells, and propidium iodide (fluoresced red) for staining dead 
cells. Eugenol had a less deteriorating impact on the cell viability than CHX treated 
biofilm and caused significant dispersion of cells within the biofilm matrix 
(Figure 4.4). 
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Figure 4.4: Confocal laser scanning microscopy images of Streptococcus mutans 
biofilms. Live cells were stained green using Syto9 (A, D, G), dead cells 
were stained red with propidium iodide (B, E, and H) whereas, C, F, I 
were merged images of SYTO 9 and propidium iodide (PI). 
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4.3.5 Cell morphology analysis 
TEM was carried out to examine the level of cell wall damage and 
intracellular modification in S. mutans brought about by eugenol treatment. S. mutans 
exposed to 0.05% ethanol served as negative control, which showed an obvious 
outline of the S. mutans cell wall and a peptidoglycan layer (Figure 4.5a). Treatment 
with CHX resulted in the disappearance of the peptidoglycan layer completely 
while eugenol showed a negligible effect on the cell wall and peptidoglycan layer 
(Figure 4.5 b, 4.5 c). 
Figure 4.5: TEM images of 5. mutans (a) control treated with 0.05% ethanol, (b and 
c) treated with sub-MIC concentration of eugenol and CHX respectively. 
4.3.6 Effect on cell surface protein antigen I/II 
The total cellular proteins from the untreated cells (control) were conjugated 
rabbit anti-Agl/II to compare and calculate the levels of Agl/II protein in the treated 
cells. The amount of protein Agl/II from eugenol treated cells was found to be 22% 
less than the untreated cells. 
4.3.7 Docking Studies on Surface Protein Ag 1/ II 
Eugenol was docked in the active site of target protein with ~ 50 Gold fitness 
score. Nine amino acids (Tyrl213, Prol214, Glul215, Glul216, Lysl265, Glul310, 
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AsnlSll, Glnl312 and Ilel326) were found in stabilizing the complex through 
hydrogen bonds and hydrophobic interactions. (Figure 4.6A and 4.6B). 
B 
Xel32« 
Figure 4.6: Docked conformation (A) Eugenol with target protein Ag I/II (B) 
Interacting amino acids with eugenol. 
4.3.8 Gene expression profiling of 5. mutans treated with eugenol 
Quantitative RT-PCR experiments were performed to examine the effect of 
eugenol on the expression of S. mutam genes (Table 4.1), involved in quorum sensing 
and biofilm formation. Equal amounts of total RNA from early exponential phase 
cultures were used to reveal the transcript levels of these genes with and without 
eugenol treatment. The eugenol was found to suppress most of the gene especially 
relA and gbpB gene were suppressed by 88% (Figure. 4.7). 
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Table 4.1: Nucleotide sequences of primers to be used in this study 
Gene Description Primer sequence 5'-3' 
F-FORWARD 
R-REVERSE 
16S 
rRNA 
gtfB 
gtfC 
ftf 
gbpB 
VicR 
brpA 
RelA 
comDE 
Smu630 
Normalising internal 
standard 
Glucosyltransferase 
B;glucan production 
Glucosyltransferase 
C ;glucan 
production 
Fructosyltransferase 
(FTF);fructan 
production 
Biofilm regulation 
protein 
Two-component 
regulatory system 
Regulatory gene 
Role in biofilm 
formation and acid 
tolerance 
Competence-
stimulating peptide 
Regulatory gene 
F-CCTACGGGAGGCAGCAGTAG 
R-CAACAGAGCTTTACGATCCGAAA 
F-AGCAATGCAGCCAATCTACAAAT 
R-ACGAACTTTGCCGTTATTGTCA 
F-GGTTTAACGTCAAAATTAGCTGTATTAGC 
R-CTCAACCAACCGCCACTGTT 
F-AAATATGAAGGCGGCTACAACG 
R-CTTCACCAGTCTTAGCATCCTGAA 
F-ATGGCGGTTATGGACACGTT 
R-TTTGGCCACCTTGAACACCT 
F-TGACACGATTACAGCCTTTGATG 
R-CGTCTAGTTCTGGTAACATTAAGTCCAATA 
F-GGAGGAGCTGCATCAGGATTC 
R-AACTCCAGCACATCCAGCAAG 
F-ACAAAAAGGGTATCGTCCGTACAT 
R-AATCACGCTTGGTATTGCTAATTG 
F- ACAATTCCTTGAGTTCCATCCAAG 
R- TGGTCTGCTGCCTGTTGC 
F-GTTAGTTCTGGTTTTGACCGCAAT 
R-CCCTCAACAACAACATCAAAGGT 
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Figure 4.7: Effect of eugenol on gene expression of 5. mutans. The data are 
expressed as the means and SDs of three biologically independent 
experiments performed in triplicates. 
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4.4 Discussion 
The crucial role of 5. mutans in the development of caries and periodontitis is 
well authenticated and thus it becomes the prime target for prevention. Pri;vious 
findings on oral micro biota have reported higher occurrence of this bacteriam in 
biofilm and tend to be significantly high in caries activity. Different antimicrobial 
drugs have been tested against biofilm formation and maturation. Use of these 
compounds also shows a reduction in the number of viable microorganisms in the oral 
flora. Although effective, such antibacterial therapies have several undesirablf side 
effects (Chung et al, 2006). In order to develop novel and effective chemotherapeutic 
approach (other than microbiocides) against dental biofilms, use of plants could be a 
very promising way to thwart the pathogenesis of oral infectious diseases such as 
dental caries. 
The natural compound, eugenol, used in the present study was found to act by 
reducing the total mass of causative microorganisms without affecting the viability of 
the oral bacteria, thereby decimating the development of resistant strains or secondary 
infections. The various attributes of eugenol have been described previously (Miao et 
al, 2007; Li et al, 2011). The ability to synthesize glucans using GTFs is essential tor 
the adherence, cohesion and accumulation of S. mutans on the tooth surface, and 
provide bulk and structural integrity to the biofilms matrix (Xiao and Koo 2010). 
Therefore, suppression of adherence, the initial step in caries formation by 5". mutans, 
could be prophylactic against the spread of its virulence (Matsumoto et al., 1999). 
Figure 4.1 show that eugenol significantly reduced the adhesion of S. muiaris 
compared to the control. 
Use of human red blood cells (RBCs) provides a means to study the toxicity/ of 
compounds because of their easy availability, known membrane properties and simple 
method to measure hemoglobin release (Situ and Bobek 2000). Our results indicate 
that eugenol was significantly less cytotoxic than CHX, one of the most widely used 
anticaries agents (Figure 4.2). Bacteria within a biofilm are less susceptible to 
antimicrobial agents than their planktonic counterparts (Wilson, 1996). In the present 
study, antibiofilm activity of eugenol against S. mutans was evaluated at sub-MIC 
concentrations and was found to exhibit an inhibitory effect on the formation ot 
S. mutans biofilm grown in batch culture. Moreover, inhibition of 1-day-old biofilm 
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further indicated that eugenol exerted an antibiofilm activity on preformed biofilm as 
well. Prevention of early biofilms along with inhibition of developed biofilms is 
considered to be the most effective treatment against periodontitis (Wei et ai, 2006). 
Analysis of the sub-MIC concentration of eugenol on S. mutans growth, showed a 
typical sigmoidal pattern (Figure 4.3). Almost no difference was observed in the log 
phase of control and the treated sample. This similarity in the pattern of the curve 
clearly indicates that the growth of bacteria was not hindered by the eugenol. 
Therefore, eugenol inhibited the virulence trait without affecting the bacterial viability 
(Lv^mg etai, 2012). 
Use of two fluorescent nucleic acid stains, SYTO 9 (green-live cells) and 
propidium iodide (PI) (red-dead cells) demonstrated that CHX is capable to cause 
membrane damage to mutans streptococci, this has been illustrated by the presence of 
the enormous number of bacterial cells (red fluorescent) within the CHX-treated 
biofilm. These results strongly suggest that the membranes of CHX-treated S. mutans 
were compromised, whereas the membranes of S. mutans exposed to eugenol 
remained intact, and dispersed as evidenced by the presence of many green-
fluorescent bacteria. In the presence of eugenol, S. mutans was unable to form a 
biofilm and was easily washed away. As a result, eugenol appears to be an ideal drug 
to prevent oral diseases. The data further confirm our results that eugenol exerts its 
effect through a reduction in the virulence traits and not of bactericidal 
activity (Figure 4.4). It clearly indicates that eugenol could decrease the 
adherence of 5. mutans to glass surfaces as well as GTF activity (Miao et al, 2007; 
Uetal. 2011). 
To destroy the integrity of the cell wall and to inhibit bacterial adhesion 
instead of killing the bacteria are two different mechanisms of anti-caries metabolism 
of natural antimicrobial agents. TEM results revealed that S. mutans exposed to CHX 
showed complete destruction of the peptidoglycan layer and leakage of the 
intracellular contents (necrosis) compared with the control group (Figure 4.5c). But, 
the exposure to eugenol resulted in the partial destruction of the peptidoglycan layer. 
This indicates the ability of eugenol to inhibit the virulence attributes without 
affecting the bacterial viability. A similar result was also reported for kuwanon G 
from Morus alba (Park et al, 2003). 
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ELISA of total cell proteins to the polyclonal antibody of Ag I/II raise in 
rabbit were used to evaluate the concentration of this protein in the untreated cells 
(control) and treated cells. The expression of this protein was found less in reated 
samples as compared to the control. It has been earlier reported that the surface 
protein antigen Ag 1/ II play a key role in adhesion and biofilm formation. Docking 
study of eugenol predicts its affinity (-50 GOLD fitness score) and conformation 
within the active site of Ag I/II (Pecharki et al, 2005). 
Furthermore, the current results demonstrated that the expression le\els of 
selected biofilm forming genes were downregulated in the presence of eugenol as 
compared with those expressed in the control (Figure 4.7). The selected geres are 
associated with environmental sensing and intercellular communication systems. 
In the presence of eugenol the genes {gtfB and ftf) responsible for catalyzing the 
cleavage of sucrose to synthesize extracellular glucan and fructan polysaccharides 
were downregulated. Oral plaque formation is mediated by interactions between 
surface-associated glucan binding proteins (GBPs) that adhere to glucans. GBPs also 
play an important role in bacterial adherence (sucrose-dependent) and accumulation 
of biofilm through vicRK signalling pathway (Senadheera et al, 2005; Tam et al., 
2007). Other regulatory genes {brpA, smu630 and comDE) responsible for biofilm 
formation were also found to be downregulated (Utsumi, 2008; Steinberg et al., 2008; 
Wen et al., 2010). Another gene relA, a major (p) ppGpp synthase controlling the 
stringent response in biofilm formation and acid tolerance, is also downregulated 
(Lemose^a/., 2004). 
In conclusion, we would articulate that eugenol exhibits its anti-biofilm and 
anti-adherent attributes against S. mutans through modulating the virulent properties 
of this bacterium. The genes that are downregulated upon the use of this plant based 
compound gives an insight into the mode of action (mechanism) by which it mediates 
its anticariogenic property. 
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5.1 Introduction 
Biofilm formation by pathogenic bacteria has become a serious threat to 
human heahh. They have been implicated in many chronic diseases such as 
endocarditis, cystic fibrosis and infections caused by biofilms growing on 
incorporating foreign materials, e.g. bone implants, artificial valves, and indvelling 
catheters (Costerton et ai, 2007; Lynch and Robertson, 2008). Dental caries and 
periodontal diseases, which are among the most common bacterial infections in 
humans, are caused by biofilms known as dental plaque that result from mi<:robial 
colonization of the tooth surface (Hall-Stoodley et ai, 2004; Parsek and Singh, 2003). 
This ubiquitous disease result from the complex interaction of specific bacteria and 
constituents of the diet within plaque formed on tooth surfaces. 5. mutans i^  a key 
contributor to the formation of cariogenic plaque because this bacterium possesses the 
ability to grow and carry out glycolysis at low pH in the oral cavity. The production 
of acids by S. mutans causes dissolution of minerals in tooth enamel and the 
formation of dental caries (Ajdic et al, 2007; Garcia et al, 2008). 
Isolation and characterization of genes defective in biofilm formation may 
contribute to understanding that how S. mutans responds to environmental conditions 
in the oral cavity, especially in oral biofilms. Previous studies have indicated the 
role of sucrose and glucosyltransferases {gtfs) in S. mutans biofilm formation 
(Bume et al. 1997; Yamashita et al, 1993). Recent studies have implicated several 
genes associated with environmental sensing systems and intercellular communication 
systems, regulators of carbohydrate metabolism, and those with an adhesion-
promoting fimction. The transition from planktonic phase to biofilm phase of S, 
mutans is a result of many different and altered genes (Shemesh et al, 2007). 
The purpose of the present investigation was to analyze the role of some 
regulatory and signal transduction-associated genes responsible for sucrose-dependent 
biofilm formation in biofilm-defective mutants and clinical strains of S. mutans. 
We report here the properties of only those strains which show significantly increased 
or decreased biofilm formation with respect to the reference strain (MTCC). 
The investigations described herein confirm that multiple genes are associated with 
biofilm formafion. 
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5.2 Experimental Procedure 
The mutants with altered biofilm forming abilities were isolated by treatment 
ofS. mutans with EMS by the method outlined in section 2.2.2.1. The clinical strains 
were isolated as described in section 2.2.2.2. The isolated mutants were assessed 
for its cariogenic potentials as described in section 2.2.8 through 2.2.12. The 
morphological changes and arrangement of cells in the biofilms of the two mutants 
and two clinical strains with varied biofilm forming capabilities were studied by 
CLSM and SEM. In order to compare the changes in the expression of virulent genes 
of the mutant and clinical strains with the reference strain MTCC 497, the gene 
expression profile of these strains was carried out as explained in section 2.2.23. 
5.3 Results 
5.3.1 Mutants and clinical strains of 5. mutans with altered adherence 
Of the twenty one mutants and six clinical strains of S. mutans, AI3 and 
SMI82 showed a marked increase in adherence (104.12% and 112.92%) to the glass 
surfaces when grown in the TSB and sucrose, although having a similar rate of 
growth. The strains AlO and SM185 showed a reduction of 37.46% and 44.82%, 
respectively. Tables 5.1 and 5.2 reveal the adherence of mutants and clinical strains as 
compared to the reference strain. 
5.3.2 Saliva-coated biofilm assay 
The quantitative estimation of biofilm formation on the saliva-coated 
polystyrene surfaces by the sucrose-independent mutants and clinical strains was done 
by crystal-violet assay. Tables 5.1 and 5.2 reveal that the biofilm formation was 
reduced in strains AlO and SMI85 and increased in A13 and SM 182 as compared to 
MTCC reference strain. 
93 
C/iapter ^ 
Table 5.1: Adherence and pH values of mutant strains at 24 h and 48 h. All 
experiments were performed in triplicates (Mean ± SD values). 
Strain 
No. 
MTCC 
strain 
Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
AlO 
A l l 
A12 
A13 
A14 
A15 
A16 
A17 
A18 
A19 
A20 
A21 
Mean value 
ofpH 
4.85 ± 0.64 
5.70 ±1.64 
4.95 ±1.21 
5.04 ±1.44 
5.50 ± 1.61 
4.96 ± 1.17 
4.89 ±0.16 
4.98 ±1.05 
5.46 ± 2.64 
5.49 ±1.06 
5.50 ±0.16 
5.03 ± 0.09 
5.41 ±1.11 
4.98 ±1.64 
4.92 ± 1.24 
5.56±1.16 
4.96 ±1.06 
4.92 ±0.14 
4.50 ±1.32 
4.99 ±0.19 
4.88 ±0.07 
5.25±2.11 
Adherence (%) 
24hrs 
100 
52.65 ±1.07 
53.56±1.10 
51.71 ± 1.06 
55.50 ±2.05 
56.31 ±0.16 
49.09 ±0.19 
54.08 ±1.10 
51.7 ± 1.05 
53.81 ±2.08 
37.46 ± 1.09 
87.06 ±1.14 
56.68 ±2.16 
104.12 ± 2.04 
57.09 ±0.19 
50.14 ±2.09 
65.61 ±1.10 
49.74 ±2.19 
59.6 ±1.15 
54.93 ± 0.07 
68.86 ±0.98 
51.02 ±1.96 
48hrs 
100 
60.30 ± 2.07 
59.32 ±1.11 
63.52 ±0.08 
76.49 ± 2.09 
63.03 ±0.78 
69.59 ±1.44 
57.45 ±1.91 
59.85 ±2.65 
67.30 ±1.20 
46.84 ± 1.09 
88.27 ±0.12 
78.35 ± 0.09 
136.71 ± 1.44 
63.76 ±1.12 
72.37 ±0.19 
63.13 ±1.29 
54.53 ±1.10 
62.35 ±1.46 
59.44 ± 2.04 
65.95 ±0.16 
54.65 ± 1.07 
Biofilm (%) 
24hrs 
100 
54.46 ±1.20 
58.56±1.16 
49.61 ± 2.08 
52.44 ±1.05 
59.83 ±1.96 
56.34 ±1.10 
57.25 ±0.11 
59.56 ±0.12 
54.49 ± 2.07 
32.42 ± 1.20 
64.68 ±1.11 
68.34 ±1.07 
114.22 ±0.15 
66.66 ±0.10 
64.10 ±1.64 
67.56 ±0.08 
59.46 ±0.12 
61.34±1.11 
58.92 ±0.09 
55.64 ± 0.07 
56.73 ± 1.10 
48hrs 
100 
59.64 i 0 11 
64.23 i 1 08 
57.34 r: 0,1 7 
62.44 r: 1.09 
62.17:= 2.05 
59.21 := 1.06 
59.98 t 0.09 
61.54 tO.lO 
57.41 t 1.12 
34.64 ±1.09 
66.49 ± 1.13 
70.16±2.11 
109.46 ± 1.07 
69.92 ± 0.09 
67.24 ±0.10 
71.55 ±0.1 
62.18±0.14 
68.65 ± 1.16 
64.24 ± 1.08 
61.88±2.11 
59.6C±0.16 
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Table 5.2: Adherence and pH values of clinical strains at 24 h and 48 h. All the 
experiments were performed in triplicates (Mean ± SD values). 
Strain 
MTCC strain 
SM186 
SM182 
SM34 
SM06 
SM,85 
SM,86 
Mean 
value 
ofpH 
4.31 ±0.16 
4.25 ±1.12 
4.22 ± 0.09 
4.27 ± 0.04 
4.27 ±1.96 
4.29 ± 1.04 
4.25 ±1.20 
Adherence 
(%) 
At24h 
100 
86.19 ±1.24 
112.92 ±2.11 
106.56 ±1.23 
105.42 ±1.54 
44.82 ± 0.76 
47.28 ± 0.08 
Adherence 
(%) 
At48h 
100 
111 ±0.06 
121.88 ±0.11 
119.83±0.13 
116.34 ±0.09 
61.27 ±0.14 
62.14 ±0.07 
Biofllm 
(%) 
At24h 
100 
81.64 ±0.14 
146.23 ± 0.17 
82.94 ±1.02 
74.48 ±1.23 
20.52 ± 1.65 
78.06 ±0.18 
Biofllm 
(%) 
At48h 
100 
87.17 ±0.09 
154.44 ± 0.12 
89.74 ±0.13 
79.48 ±0.11 
50.55 ± 0.08 
81.17 ±0.06 
5.3.3 Scanning electron microscopy 
The morphology and arrangement of cells in the biofllm formed on the saliva-
coated coverslips by four strains was viewed using scanning electron microscopy and 
compared with the reference MTCC strain. Figure 5.1 and 5.2 show that the cells of 
the reference strain are closely packed and surrounded by a visible layer of 
exopolysaccharide. The strain A13 and SM 182 reveal a much thicker layer of this 
exopolysachharide causing more extensive clumping of the surrounding cells. 
However, the biofilms of the strains AlO and SM 185 were gapped and patchier with 
cells segregated apart unlike the reference strain. By direct observation of these 
strains, it was observed that the biofllm morphology of the mutants was altered from 
that of other strains. 
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Figure 5.1: Scanning electron micrographs comparing biofilm formation of 5. mutans 
MTCC (A) and mutants A 13 (B) and A 10 (C) accumulated on saliva-
coated cover slips after 24 h of inoculation. 
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Figure 5.2: Scanning electron micrographs comparing biofilm formation of 5. mutans 
MTCC (A) and clinical strains SM 182 (B) and SM 185 (C) accumulated 
on saliva-coated cover slips after 24 h of inoculation. 
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5.3.4 Confocal laser scanning microscopy 
Saliva-coated coverslips were analyzed under the confocal microscope to 
compare the biofilms formed by the selected four strains A13, A10, SMI82 
and SMI85 and the reference strain. Figure 5.3 and 5.4 show the cells as green against 
the black background due to the SYT09 staining. The reference strain showed 
clumped cells while the mutant and clinical strains show relatively segregated cells in 
case of A10 and SM 185 while excessive clumping was exhibited by strains AI3 and 
SM 182. 
^H 
^^^1 
Figure 5.3: Confocal laser scanning micrographs of biofilms of S. mutans MTCC and 
its mutant strains grown on saliva coated coverslips (A) MTCC strain (B) 
A 13 strain (C) A 10 strain. The panel shows enlarged horizontal sections 
of 5. mutans biofilms, acquired using an HCX PL APO CS 40x objective 
lens, size of scale bar 20 |im. 
Figure 5.4: Confocal laser scanning micrographs of biofilms of S. mutans MTCC and 
its clinical strains grown on saliva coated coverslips (A) MTCC strain 
(B) SM 182 strain (C) SM 185 strain. The panel shows enlarged 
horizontal sections of S. mutans biofilms, acquired using an HCX PL 
APO CS 40x objective lens, size of scale bar 20 \im. 
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5.3.5 Comparative gene expression using qRT-PCR 
Quantitative RT-PCR analysis was used to compare and quantify expression 
of biofilm forming genes (Table 5.3), in mutants and clinical strains with respect to 
the MTCC. In AlO and SM 185, most of the genes tested were down regulated in the 
biofilms when compared with the cells of MTCC strain. Expression of spaP in the 
biofilms formed by AlO and SM 185 was significantly decreased by approximately 88 
% (Figure. 5.5 and Figure.5.6), while brpA gene was found to be least affected in both 
the strains. 
Gene expression in the A13 and SM 182 (forming more biofilm compared to 
MTCC strain) was also detected and the results were different from the reference 
strain. Expression of smu0630, comDE, and ftf genes were significantly increased 
(Figure 5.7 and 5.8). 
Table 5.3: Nucleotide sequences of primers to be used in this study 
Gene Description Primer sequence 5'-3' 
F-FORWARD 
R-REVERSE 
16S 
r-RNA 
spaP 
smu630 
gtJB 
VicR 
brpA 
gbpB 
comDE 
ftf 
covR 
Normalising internal 
standard 
Cell surface antigen 
Regulatory gene 
Glucosyltransferase 
B;glucan production 
Two-component 
regulatory system 
Regulatory gene 
Biofilm regulation 
protein 
Competence-
stimulating peptide 
Fructosyltransferase 
(FTF);fructan 
production 
Regulatory gene 
F-CCTACGGGAGGCAGCAGTAG 
R-CAACAGAGCTTTACGATCCGAAA 
F- GACTTTGGTAATGGTTATGCATCAA 
R- TTTGTATCAGCCGGATCAAGTG 
F-GTTAGTTCTGGTTTTGACCGCAAT 
R-CCCTCAACAACAACATCAAAGGT 
F-AGCAATGCAGCCAATCTACAAAT 
R-ACGAACTTTGCCGTTATTGTCA 
F-TGACACGATTACAGCCTTTGATG 
R-CGTCTAGTTCTGGTAACATTAAGTCCAATA 
F-GGAGGAGCTGCATCAGGATTC 
R-AACTCCAGCACATCCAGCAAG 
F-ATGGCGGTTATGGACACGTT 
R-TTTGGCCACCTTGAACACCT 
F- ACAATTCCTTGAGTTCCATCCAAG 
R-TGGTCTGCTGCCTGTTGC 
F-AAATATGAAGGCGGCTACAACG 
R-CTTCACCAGTCTTAGCATCCTGAA 
F- ACACGATTACAGCCTTTGATGG 
R- CTTCCTTAGCCACTTCAAGACC 
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Figure 5.5: Variation in gene expression of 5. mutans MTCC ( • ) and its AlO mutant 
strain ( • ) . The baseline of 1.0 indicates the expression level for each 
gene in MTCC strain. Statistically significant difference (P < 0.05) 
between gene expression in the MTCC and mutant AlO strains. 
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Figure 5.6: Variation in gene expression of 5. mutans MTCC ( • ) and clinical strain 
SM 185 ( • ) . The baseline of 1.0 indicates the expression level for each 
gene in MTCC strain. Statistically significant difference (P < 0.05) 
between gene expression in the MTCC and clinical SM 185 strains. 
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Figure 5.7: Variation in gene expression of 5. mutans MTCC ( • ) and its A13 mutant 
strain ( • ) . The baseline of 1.0 indicates the expression level for each 
gene in MTCC strain. Statistically significant difference (P < 0.05) 
between gene expression in the MTCC and mutant A13 strain. 
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Figure 5.8: Variation in gene expression of 5. mutans MTCC ( • ) and clinical strain 
SM 182 ( • ) . The baseline of 1.0 indicates the expression level for each 
gene in MTCC strain. Statistically significant difference (P < 0.05) 
between gene expression in the MTCC and clinical SM 182 strains. 
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5.4 Discussion 
Streptococcus mutans has been implicated as the major etiological agent in 
human dental caries (Hamada and Slade 1980). One of the important virulence 
properties of these organisms is their ability to form biofilms (dental plaque) on tooth 
surfaces. The primary mechanism for adherence of 5. mutans is the production of 
glucan polymers from sucrose via glucosyltransferases (Gtf) that is an essential 
virulence factor associated with the pathogenesis of 5". mutans (Kuramitsu, 1993; 
Yamashita, et ai, 1993). The adherence to tooth surfaces by S. mutans appears to 
result mostly through enhancement of attachment by sucrose-dependent mechanisms 
involving Gtfs. The role of sucrose and Gtfs in S. mutans biofilm formation has been 
vv'ell documented (Bume et ai, 1997; Hudson et ai, 1990). In addition to Gtfs, several 
other genes associated with biofilm formation have been reported recently (Bhagwat 
et ai, 2001; Li et ai, 2002; Wen and Bume, 2002). In order to examine the variation 
in the expression of different genes involved in biofilm formation, EMS-induced 
adherence defective mutants and clinical strains of S. mutans on the basis of their 
adherence, acid production and biofilm formation were studied. The interaction of S. 
mutans cells with saliva plays a key role in the biofilm formation of the dental plaque 
(Ahn et ai, 2008). The biofilm formation by S. mutans on the saliva-coated surface 
was found to be altered in all the mutants as well as the clinical strains. Out of 21 
strains isolated in the screening process, 2 were found to be biofilm and adherence 
defective mutants while 2 out of 6 clinical strains were selected for further studies. 
Table 5.1 and 5.2 imply that in both mutant as well as clinical strains, biofilm 
formation was found to be reduced in strains showing least adherence (A 10, SM 185) 
and maximum in those showing maximum adherence (A13, SM 182), implying that 
the biofilm formation is dependent on the adherence. 
The biofilm structure of selected mutants and clinical strains were analyzed by 
confocal laser scanning microscopy (CLSM). Quantitative esfimafions show that AlO 
(mutant) and SMI85 (clinical strain) showed the least biofilm formation while A13 
(mutant) and SM 182 (clinical strain) showed maximum biofilm formation. The 
micrographs suggest that the biofilm formed by the reference strain (MTCC) covered 
a larger surface area and had a definite architecture. However, the biofilms formed by 
the mutants were found to be altered in small sphere shape while clinical strains 
showed more or less spread cells with no distinct pattern of arrangement. The biofilm 
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formed by A13 showed more clumped and aggregated cells than AlO mutant strain. 
Thus, the confocal microscopic revelations go well in agreement with the quantitative 
estimations of biofilms. 
The scanning electron microscopy further confirmed that the biofilms 
developed by the MTCC strain have clumped and aggregated bacteria with a cloud of 
exopolysaccharide surrounding the cells. The perceptible biofilm formed by AlO and 
SMI85 had very few cells that are individually scattered along the surface The 
arrangement of the cells was in short and altered chains with absence of 
exopolysaccharide matrix. The biofilm formed by A13 and SMI82 shows more 
clumping and aggregation of bacteria possibly due to the presence of 
exopolysaccharides which indicate that original biofilm forming ability of the parent 
strain was disrupted to some extent by mutation. 
Expressional differences between various genes suggest their ftinction in 
biofilm formation which may help in understanding the process. These genes include 
those associated with adhesion-promoting function, intercellular communication and 
environmental sensing systems as well as regulators of carbohydrate metabolism. gtfB 
and ftf, which encodes GTFB and FTF enzymes, catalyze the breakdown of sucrose to 
synthesize extracellular glucan and fructan polysaccharides are downregulated m the 
(AlO and SM 185). Furthermore in case of A13 and SM 182/(/'gene was upregulated, 
which might be the cause of enhanced biofilm produced by these strains. Interactions 
between surface-associated glucan binding proteins (GBPs) mediate oral bacterial 
aggregation which further adheres to glucans, thereby promoting plaque formation 
(Tarn et al, 2007). These genes (enzymes) serve an important role in sucrose-
dependent bacterial adherence and biofilm accumulation of S. mutans by the vJcRK 
signalling pathway (Senadheera et al, 2005; Steinberg et al, 2008). brpA, smu630 
and comDE, which are regulatory genes responsible for biofilm formation, were 
downregulated in AlO, SM 185 (Utsumi 2008; Wen et al, 2010). These effects may 
assuage the ability of the bacteria to form biofilm. As the genes tested art only 
selected genes of the S. mutans genome, additional investigation of other genes 
associated with biofilm formafion, inhibition of quorum sensing may iurther 
elucidate the broader spectrum of their effects on biofilm formation and bacterial 
physiology. 
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Our study shows that a concerted action of a number of genes is involved in 
biofilm formation of S. mutans. The main differentially expressed genes in studied 
strains were basic metabolic genes, quorum sensing genes and those involved in 
carbohydrate metabolism. 
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Concfusion 
The quest for solutions to the global problem of dental caries, a biofilm 
dependant oral infectious disease caused by S. mutans, has focused on the isolition 
and characterization of new antimicrobial compounds from a variety of sources 
including medicinal plants. The large varieties of compounds produced by aromatic 
plants have proven to have therapeutic potentials as antimicrobials and anti-plaque 
agents. 
Our first study (Chapter 3) concludes that 5*. aromaticum possesses significant 
anticariogenic activity against S. mutans plausibly due to the presence of most general 
inhibitory phytoconstituents in the DEE fraction. Our next study (Chapter 4) 
concludes that eugenol, a plant based compound, shows powerfial anticariogenic 
potential against S. mutans by reducing adherence and biofilm formation as ^vell as 
insoluble glucan synthesis by GTF and hydrophobicity. Furthermore, the toxicity of 
this compound was checked by hemolj^ic assay and was found to be quite safe. 
Chapter 5 of this study deals with adherence defective mutants and clinical strains of 
S. mutans those were studied in order to understand the role of different genes in 
biofilm formation and quorum sensing. When compared to the reference strain, the 
mutant as well as the clinical strains exhibited varied extent of biofilm formation 
accompanied by altered regulation of genes, which was very significant for biofilm 
formation. In the case of AlO and SMI85, brpA, smu0630, comDE genes were 
downregulated while in the case of A13 and SMI82, VicR, gbpB,ftf, covR genes were 
upreguiated. These genes serve an important role in sucrose-dependent bacterial 
adherence and biofilm accumulation of 5". mutans by the vicRX signalling pathway. 
Our present study reflects a hope for the development of improved novel 
chemotherapeutic agents from such medicinal and aromatic plants. Additionil studies 
will help in elucidating the mechanisms at the gene level through which these extracts 
affect virulence properties of 5. mutans. 
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A B S T R A C T 
The aim of this study was to evaluate the influence of the crude and active solvent fraction ofTrachysper-
mum amtni on S. mutans cariogenicity, effect on expression of genes involved in biofilm formation and 
caries development in rats. GC-MS was carried out to identify the major components present in the crude 
and the active fraction of T. ammi. The crude extract and the solvent fraction exhibiting least MIC were 
selected for further experiments. Scanning electron microscopy was carried out to observe the effect of 
the extracts on S. mutans biofilm. Comparative gene expression analysis was carried out for nine selected 
genes. 2-lsopropy 1-5-methyl-phenol was found as major compound in crude and the active fraction. Bind-
ing site of this compound within the proteins involved in biofilm formation, was mapped with the help 
of docking studies. Real-time RT-PCR analyses revealed significant suppression of the genes involved in 
biofilm formation. All the test groups showed reduction in caries (smooth surface as well as sulcal surface 
caries) in rats. Moreover, it also provides new insight to understand the mechanism infiuencing biofilm 
formation in S. mutans. Furthermore, the data suggest the putative cariostatic properties of T. Ammi and 
hence can be used as an alternative medicine to prevent caries infection. 
© 2012 Elsevier GmbH. All rights reserved. 
Introduction 
The primary etiological agent of human dental caries, Strepto-
coccus mutans, lives in biofilnns on the tooth surface. It has the ability 
to utilize a wide variety of sugars results in the production of acids 
which eventually dissolves the hard, crystalline structure of the 
teeth, resulting in carious lesions (Quivey et al. 2001). The critical 
factors responsible for the cariogenicity of this pathogen include 
its ability to adhere to and form biofilms on tooth surfaces, to 
catabolise carbohydrates and generate acids, and to survive low pH 
and other environmental stresses. Biofilms are surface-attached, 
structurally and compositionally complex bacterial communities 
wherein the bacterial cells interact with and coordinate the expres-
sion of a wide range of genes in response to changing environmental 
conditions such as pH, oxygen, carbon source and nutrient avail-
ability and cell density. A series of highly coordinated physiological 
and biochemical functions is required for the bacteria to form 
mature biofilms in response to environmental cues. The develop-
ment of highly structured biofilms gives the adherent populations 
the flexibility to cope with fluctuating environments and the selec-
tive advantages that surface association offers (Wen and Burne 
2004). A number of surface-associated proteins act as high-affinity 
* Corresponding author. Tel.:+91 983 7021912; fax:+91 571 2721776. 
E-mail address: asad.k@rediffmail.com (A.U. Khan). 
adhesins and play a central role in initiation of biofilm formation 
by S. mutans. S. mutans produces three glucosyltransferases (Ctf-B, 
-C, and -D) which are of central importance in dental plaque for-
mation and development of caries (Ooshima et al. 2001). These Ctfs 
synthesize adhesive extracellular glucans from sucrose, especially 
the a (1, 3)-linked, water-insoluble forms, facilitate adherence of S. 
mutans to the tooth surface and modulate cell-cell interaction by 
serving as binding sites for Gtf proteins and glucan binding proteins 
which are a group of proteins that contribute to sucrose-dependent 
adherence and biofilm cohesiveness. As a major constituent of the 
biofilm matrix, glucans can further influence the development and 
structure of oral biofilms by serving as an extracellular carbon and 
energy source and modulating permeability to water and nutrients 
(Matsumurae ta l . 2003). 
The quest for plants with medicinal properties continues to 
receive attention as scientists survey plants for a complete range 
of biological activities, which range from antibiotics to antitumor. 
Natural products from some plants continue to be used in phar-
maceutical preparations either as pure compounds or as extracts. 
In light of the recent emergence of microbes which are resis-
tant to multiple antimicrobial drugs posing a challenge for the 
treatment of infections (Service 1995), the need to discover new 
antimicrobial substances for use in combating such microorgan-
isms become pertinent. There is an urgency to find new drugs that 
can be less toxic to humans and also can be used for the treatment 
of many diseases. Thus, there is a constant urge to develop new 
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Abstract 
The present study was focused on evaluating the potential of Emblica officinalis against cariogenic properties of 
Streptococcus mutans, a causative microorganism for caries. The effect of crude extract and ethanolic fraction from Emblica 
officinalis fruit vyas analysed against S. mutans. The sub-MIC concentrations of crude and ethanolic fraction of E. officinalis 
were evaluated for its cariogenic properties such as acid production, biofilm formation, cell-surface hydrophobicity, glucan 
production, sucrose-dependent and independent adherence. Its effect on biofilm architecture vyas also investigated with 
the help of confocal and scanning electron microscopy (SEM). Moreover, expression of genes involved in biofilm formation 
was also studied by quantitative RT- PCR. This study showed 50% reduction in adherence at concentrations 156 ng/ and 
312.5 Jig/ml of crude extract and ethanolic fraction respectively. However, the biofilm was reduced to 50% in the presence 
of crude extract (39.04 )xg/ml) and ethanolic fraction (78.08 |ig/ml). Furthermore, effective reduction was observed in the 
glucan synthesis and cell surface hydrophobicity. The qRT-PCR revealed significant suppression of the genes involved in its 
virulence. Confocal and scanning electron microscopy clearly depicted the obliteration of biofilm structure with reference to 
control. Hence, this study reveals the potential of E. officinalis fruit extracts as an alternative and complementary medicine 
for dental caries by inhibiting the virulence factors of Streptococcus mutans. 
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Introduction 
Dental caries is an irreversible localized infection that results in 
the progressive tooth decay [1]. Streptococcus mutans, a gram positive 
oral bacterium has been long implicated to be a primary causative 
agent of this ubiquitous disease [2]. This bacterium is also known 
to cause infective endocarditis which may cause significant 
morbidity and mortality [3]. Oral streptococci can enter the 
bloodstream via bruises in oral cavity and attach to platelet-fibrin-
matrices, formed on injured endothelial tissue. The adherence of 
S. mutans to damaged heart tissue is an important event in the 
pathogenesis of chronic infective endocarditis [4]. S. mutans has 
developed several distinctive mechanisms for its unhindered 
survival in the oral cavity [5]. The key virulence factors include 
acidogenicity and aciduricity coupled with its ability to produce 
large amounts of extracellular polysaccharides or glucans which 
are synthesized from dietary carbohydrates by glucosyltransferases 
(GTFs). 5. mutans is known to produce at least three forms of GTFs; 
GTF B, GTF C and GTF D, synthesizing mostly insoluble glucan, 
mixture of soluble and insoluble glucan and soluble glucan 
respectively. These glucans are essential for the structural 
formation and establishment of cariogenic plaque [6]. The 
production of acid by 5. mutans and its power to tolerate the 
acidic pH favours its continual survival and colonization in the 
dental biofilm [7]. These acids thus begin the dissociation of the 
tooth enamel consequently leading to localized decalcification, 
cavity formation and breakdown of'calcified dental tissue [8]. 
Thus an important approach for the prevention of its survival in 
the oral cavity (leading to dental caries) is the inhibition of GTF.s. 
This has been the aim of many in vitro studies where different 
agents including plant extracts and other natural products shown 
to have these inhibitory features [9]. 
Recently, there is a worldwide renewal of interest in "green 
medicine" and an increasing demand for more drugs from plants 
sources. Thus, natural products continue to be an effective source 
of several bioactive compounds with no side elTects [10]. Phjllmtkus 
emblica (syn. Emblica officinalis), belongs to the family Phyllantha-
ceae. It is commonly known as the Indian gooseberry (or amla). It 
is ofie of the most celebrated herbs in the Indian system of 
traditional medicine. Many researches demonstrated its wide array 
of pharmacological activities, such as anti-pyretic and analgesic 
activity [11], anti-tumor activity and anti-oxidant activity [12]. 
In spite of the various pharmacological significance, the activity 
of Emblica officinalis against S. mutans causing dental caries, has not 
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